





















MUNI BUDHU 
Professor, Department of Civil Engineering & 
University of Arizona 


1 


C 











JOHN WILEY & SONS, INC. 
New York / Chichester / Weinheim / Brisbane / Singapore / Toronto 


Editor Wayne Anderson 

Marketing Manager Katherine Hepburn 

Senior Production Manager Lucille Buonocore 
Production Editor Leslie Surovick 

Cover Designer Lynn Rogan 

Illustration Editor Sigmund Malinowski 
Illustration Studio Radiant Illustration & Design 
Cover Photo CORBIS/Roger Wood 

























This book was set in 10/12 Times Ten by UG / GGS Informati 
printed and bound by RR Donnelley/Willard. The cover was p 
Corporation. 


This book is printed on acid-free paper. eo 






The paper in this book was manufactured by anagement programs 
include sustained yield harvesting of its tim yield harvesting 
not exceed the amount 


of new growth. 


sehanical, photocopying, recording, scanning 
ons 107 or 108 of the 1976 United States 


of the appropriate per-copy fee to the Copyright 
Drive, Danvers, MA 01923, (508) 750-8400, fax 
ublisher for permission should be addressed to the 
iley & Sons, Inc., 605 Third Avenue, New York, NY 
(212) 850-6008, e-mail: PERMREQ@WILEY.COM. 


ISBN 0-471-25231-X (alk. paper) 
Ll. Soil mechanics. 2. Foundations, I. Title. 


TAT710.B765 1999 
624.1'5136221 99-050184 


Printed in the United States of America 
10987654232 



















pēpi and fun- 
oedagogy using 


dations. It has three primary objectives. First, to pre 
damental principles of soil mechanics and foundations 
the students’ background in mechanics, physi 


dations. Third, to provide a solid ba 
students in life-long learning of geote 


/ concepts through an interactive quiz 
forcement), summarizing (retrieval and gener- 
through problem solving. The text is writ- 
gage students and make them feel that they 
learning process. The emphasis in this book is on 
the fundamental principles and concepts. 
urrounded by visual media and obtain much of their 
. This book is accompanied by an interactive multimedia 
any of the concepts are animated. The author hopes that 
this would cap he visual learners and enhance learning. Various interactive 
tools such as interactive problem solving, virtual laboratories, quizzes, etc., are 
included to facilitate learning, retention, evaluation, and assessment. 

With the proliferation and accessibility of computers, programmable cal- 
culators, and software, students will likely use these tools in their practice. Con- 
sequently, generalized equations which the students can program into their 
calculators, and computer program utilities are provided rather than charts. 

I am grateful to the following reviewers who offered many valuable sug- 
gestions for improving this textbook: 














* Professor Hilary I. Inyang, University of Massachusetts— Lowell 
* Professor Derek Morris, Texas A&M University 
* Professor Cyrus Aryani, California State University 


Gaz 111181 v 


vi 


PREFACE 


* Professor Shobha K. Bhatia, Syracuse University 
* Major Richard L. Shelton, United States Military Academy 
* Professor Colby C. Swan, University of Iowa 

* Professor Panos Kiousis, University of Arizona 

* Professor Carlos Santamarina, Georgia Institute of Tech 
* Dr. William Isenhower, Ensoft, Inc. 










logy 


Mr. Wayne Anderson and his staff, and Leslie 
Sons were particularly helpful in getting this book done. 
to my wife and children who have contributed j 
this book. 

Additional resources are available opline 


John Wiley & 
t thanks goes 
e completion of 


— 













I would like to present some guidance to assist you im usi in under- 


graduate geotechnical engineering courses. 
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but because | connected to the presentation of stresses—stress paths being 
a graphical representation or vector representation of stresses. Drained and un- 
drained conditions are introduced within the context of elasticity. 

One-dimensional consolidation of soils is considered in Chapter 4. Here the 
basic concepts of consolidation are presented with methods to calculate consol- 
idation settlement. The theory of one-dimensional consolidation is developed to 
show the students the theoretical framework from which soil consolidation set- 
tlement is interpreted and the parameter required to determine time rate of 
settlement. The oedometer test is described and procedures to determine the 
various parameters for settlement calculations are presented. 

Chapter 5 deals with the shear strength of soils and the tests (laboratory 
and field) required for its determination. The Mohr-Coulomb failure criterion is 
discussed using the student's background in strength of materials (Mohr's circle) 
and in statics (dry friction). Soils are treated as a dilatant-frictiona] material 
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rather than the conventional cohesive-frictional material. Typical stress-strain 
responses of sand and clay are presented and discussed. The implications of 
drained and undrained conditions on the shear strength of soils are discussed. 
Laboratory and field tests to determine the shear strength of soils are described. 

Chapter 6 deviates from traditional undergraduate textb 
ing with soil consolidation and strength as separate issues. I 
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ociated with the Janbu, Bjerrum, and Kjaernali 
entionally quoted in textbooks. 
are described and discussed in Chapter 8. Methods for 
ity and settlement of single and group piles are presented. 
Chapter 9 is about two-dimensional steady state flow through soils. Solu- 
tions to two-dimensional flow using flow nets and the finite difference technique * 
are discussed. Emphases are placed on seepage, pore water pressure, and insta- 
bility. This chapter normally comes early in most current textbooks. The reason 
tor placing this chapter here is because two-dimensional flow influences the sta- 
bility of earth structures (retaining walls and slopes), discussion of which follows 
in Chapters 10 and 11. A student would then be able to make the practical 
connection of two-dimensional flow and stability of geotechnical systems readily. 
Lateral earth pressures and their use in the analysis of earth retaining sys- 
tems and excavations are presented in Chapter 10. Gravity and flexible retaining 
walls, in addition to reinforced soil walls, are discussed. Guidance is provided as 
to what strength parameters to use in drained and undrained conditions. 





NOTES FOR INSTRUCTORS ix 


Chapter 11 is about slope stability. Here stability conditions are described 
based on drained or undrained conditions. 

An appendix (Appendix A) allows easy access to frequently used typical 
soil parameters and correlations. 




















CHAPTER LAYOUT 
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With the advent of personal computers, learning has become more visual. Some. 
studies have reported that visual images have improved learning by as much as 
40096. This textbook is accompanied by a CD ROM that contains text, interactive 
animation, images, a glossary, notation, quizzes, notepads, and interactive prob- 
lem solving. It should appeal, particularly, to visual learners. 

A quiz is included in appropriate chapters on the CD ROM to elicit per- 
formance and provide feedback on key concepts. Interactive problem solving is 
used to help students solve problems similar to the problem-solving exercises. 
When an interactive problem is repeated, new values are automatically gener- 
ated. Sounds are used to a limited extent. The CD ROM contains a virtual soils 
laboratory for the students to conduct geotechnical tests. These virtual tests are 
not intended to replace the necessary hands-on experience in a soil laboratory. 
Rather, they complement the hands-on experience, prepare the students for the 
real experience, test relevant prior knowledge of basic concepts for the interpre- 
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tation of the test results, guide them through the evaluation and interpretation 
of the results, allow them to conduct tests that cannot otherwise be done during 
laboratory sessions, and allow them to use the results of their tests in practical 
applications. 
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The United States Accreditation Board for Engi j echnology 
(ABET) has introduced new criteria for accreditation 
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NG OUTCOME 





When you complete studying this textbook you should be able to: 









¢ Describe soils and determine their physical characteristics such as, grain 
size, water Content, and void ratio 


* Classify soils 
* Determine compaction of soils 


* Understand the importance of soil investigations and be able to plan a soil 
investigation 


* Understand the concept of effective stress 

* Determine total and effective stresses and pore water pressures 

* Determine soil permeability 

* Determine how surface stresses are distributed within a soil mass 
* Specify, conduct, and interpret soil tests to characterize soils 
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* Determine soil strength and deformation parameters from soil tests, for 
example, Young's modulus, friction angle and undrained shear strength 


* Discriminate between “drained” and “‘undrained” conditions 
* Understand the effects of seepage on the stability of structure 

















* Estimate the bearing capacity and settlement of structures 
* Analyze and design simple foundations 


* Determine the stability of earth structures, for exam 
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ASSESSMENT 





You will be assessed on how well you absorb and use the fundamentals of soil 
mechanics. Three areas of assessment are incorporated in the Exercise sections 
of this textbook. The first area called Theory" is intended for:you to demon- 
strate your knowledge of the theory and extend it to uncover fiew relationships. 
The e qaesnons unger “Theory” will help you later in your | 
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SUGGESTIONS FOR PROBLEM SOLVING. 
'or most engineering problems, 
inding solutions. Often, there is no 


The units of measurement used in this textbook follow the SI system. En- 
gineering calculations are approximations and do not result in exact numbers. 
All calculations in this book are rounded, at the most, to two decimal places 
except in some exceptional cases, for example, void ratio. 


SUGGESTIONS FOR USING TEXTBOOK 
AND CD-ROM 





This textbook is accompanied by and integrated with a CD-ROM. Not all sec- 
tions of the textbook are covered in the CD-ROM. The textbook provides sig- 
nificantly more details on the subject matter than the CD-ROM. The CD-ROM 
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provides animations, interactive problem solving, quizzes, virtual laboratories, 
special modules (for example, a computer program to find stresses within a soil), 
spreadsheets, videos, a notepad, a glossary, a list of notations, and a calculator. 

CD icons in the textbook have inset numbers that are intended to alert you 
to special features present on the CD-ROM. The numbers ha following 
meaning: 















1. Interactive animation 

2. Virtual lab 

3. Interactive problem solving 
4. Spreadsheet 

5. Video 

6. Computer program utility 


PRESENTATION 
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knowledge to grasp technic normally given 
a very short time any projects, the 
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test possible time. Be- 
ideas and solutions, problems 


audience and the message you want to transmit. 
asonable font size (24 points), should not be busy, 


resent and you should not normally read from them. 
f a presentation is shown below. Here the central idea is 
"Shear Strengt Soils" (font size: 30 points). In this visual, you would be 


defining shear strength and inform your audience that Coulomb's law is used to 
interpret the shear strength of soils. 


SHEAR STRENGTH 
OF SOILS 


* Resistance to shear forces 
* Coulomb's law 


Now, let us start our study of soil mechanics and foundations. 
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Compression index 
Recompression index 
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Skin friction 
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earth pressure 
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Standard penetration number 
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Mean stress 
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Ultimate bearing capacity 
Flow rate 

Flow, quantity of flow 
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Temperature correction ò Deflection or settlement 
factor E Normal strain 
Resultant lateral force E, Volumetric strain 
Overconsolidation ratio with E 
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respect to stress invariants 
Undrained shear strength 
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Standard penetration test 
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Time factor 
Pore water pressure 
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Maximum unit weight 
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hape coefficient 
mbedment coefficient 
Wall friction coefficient 
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g Normal stress 

T Shear stress 
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Tr Shear strength at failure 
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during the reign of Emp 
tion to soil types (sand, 









resistance along , the es were overcome. onini: assumed that the soil re- 
sistance is provided’ by friction between the particles and the problem became 
one of a wedge sliding on a rough (frictional) plane, which you may have analyzed 
in your physics or mechanics course. Coulomb has tacitly defined a failure cri- 
terion for soils. Today, Coulomb’s failure criterion and method of analysis still 
prevail, 

From the early 20th century, the rapid growth of cities, industry, and com- 
merce required a myriad of building systems: for example, skyscrapers, large 
public buildings, dams for electric power generation and reservoirs for water 
supply and irrigation, tunnels, roads and railroads, port and harbor facilities, 
bridges, airports and runways, mining activities, hospitals, sanitation systems, 
drainage systems, and towers for communication systems. These building systems 
require stable and economic foundations and new questions about soils were 
asked. For example, what is the state of stress in a soil mass, how can one design 
safe and economic foundations, how much would a building settle, and what is 
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Coulomb's failure wedge 


C 






Soil mass for protection of 
the fortress 












B 


Unprotected fortress that was 
felled easily by cannon fire 


FIGURE 1.1 Unprotected and protected fortress. 





Slip plane 


the stability of structures founded on or 
questions and to try to find answers as p 


To answer these questions, 
consequently, soil mechani 
puted father of soil mecha 
1925 laid the foundati 


olves uncertainty because of the variabil- 
position, and engineering properties. Thus, 





Stability a nomy are two tenets of engineering design. In geotechnical 
engineering, the uncertainties of the performance of soils, the uncertainties of 
the applied loads, and the vagaries of natural forces nudge us to compromise 
between sophisticated analyses and simple analyses or approximate methods. 
Stability should never be compromised for economy. An unstable structure com- 
promised to save a few dollars can result in death and destruction. 


1.1 MARVELS OF CIVIL ENGINEERING— 
THE HIDDEN TRUTH 





The work that geotechnical engineers do is often invisible once construction is 
completed. For example, four marvelous structures—the Sears Tower (Fig. 1.2), 
the Empire State Building (Fig. 1.3), the Taj Mahal (Fig. 1.4), and the Hoover 
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FIGURE 1.2 Sears Tower. (€ Bill Bachmann/Photo Researchers.) 
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FIGURE 1.5 Hoover Dam. (Courtesy Bureé 
the Interior. Photo by E.E. Hertzog.) 





not satisfactorily designed 
foundation design requires 


formation 
be impaire res are designed. Thus, success- 
ful civil eng i nt on geotechnical engineering. 












1.2 GEOTECHNICAL LESSONS FROM FAILURES 











earth rely on our ability to design safe and 
e of the natural vagaries of soils, failures do occur. 
atastrophic and caused severe damage to lives and 
been insidious. Failures occur because of inadequate site 
and soil investigations; unforeseen soil and water conditions; natural hazards; 
poor engineerin sis, design, construction, and quality control; postconstruc- 
tion activities; and usage outside the design conditions. When failures are inves- 
tigated thoroughly, we obtain lessons and information that will guide us to 
prevent similar types of failure in the future. Some types of failure caused by 
natural hazards (earthquakes, hurricanes, etc.) are difficult to prevent and our 
efforts must be directed toward solutions that mitigate damages to lives and 
properties. 

One of the earliest failures that was investigated and contributed to our 
knowledge of soil behavior is the failure of the Transcona Grain Elevator in 1913 
(Fig. 1.6). Within 24 hours after loading the grain elevator at a rate of about 1 
m of grain height per day, the bin house began to tilt and settle. Fortunately, the 
structural damage was minimal and the bin house was later restored. No borings 
were done to identify the soils and to obtain information on their strength. 


uctures that are foundè 
conomic foundatio 
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FIGURE 1.6 “Failure of the 3a Grain Elevator. esy of Parrish 











al soil beating d Peck and ios 
jressure from loads imposed by the bin house and 


eory for calculating the bearing strength of 
lure the importance of soil investigations, soils 


about the she ength atid behaviour of soils, sdequate erage would have 
been taken and tests made and these troubles would have been avoided. We owe 
more to the development of this science than is generally recognized.” 

We have come a long way in understanding soil behavior since its father- 
hood by Terzaghi in 1925. We continue to learn more daily though research on 
and experience from failures and your contribution to understanding soil behav- 
lor is needed. Join me on a journey of learning the fundamentals of soil mechanics 
and its applications to practical problems so that we can avoid failures or, at least, 
reduce the probability of their occurrence. 


CHAPTER 2 





PH YSI CAL 
CHARACTERISTICS OF SOI 
AND SOIL INVESTIGATIO 
















2.0 INTRODUCTION 





The purpose of this chapter is to intródt 


should retain for future use in this fex 
Soils, derived from the weat 
widely. There is no certai 
few centimeters ot it 

One of the 
and investigate t 
descriptions of s 
sification, 


omplex systems into parts and then study 
whole. We will do the same for soils. Soils 


mine ind " i Dojo d ot N 
| i e the rate of flow of water through soils 
* Determine maximum dry unit weight : and optimum water content 
s Plan a a soil investigation 
Sample Practical Situation A highway is proposed to link the city of Nos- 


cut to the village of Windsor Forest. The highway route will pass through a terrain 
that is relatively flat and is expected to be flooded by a 100 year storm event. 


2.1 DEFINITIONS OF KEY TERMS w 








to the site from 
a stakeholders' 
sentatives, and 
a cost, you must 
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highway u C 









2.1 4DEFINITIONS OF KEY. TERMS 





gils are materials that.are defived from the weathering of rocks. 


Water content (w) is the ratio of the weight of water to the weight of solids. 





Void r o of the volume of void space to the volume of solids. 
Porosi is the ratio of the volume of void to the total volume of soil 
Degree of s ion (S) is the ratio of the volume of water to the volume of 


Bulk unit weight (^y) is the weight density, that is, the weight of a soil per unit 
volume. 


Saturated unit weight (^y,4) is the weight of a saturated soil per unit volume. 
Dry unit weight (^44) is the weight of a dry soil per unit volume. 


Effective unit weight (y') is the weight of soil solids in a submerged soil per 
unit volume. 

Relative density (D,) is an index that quantifies the degree of packing between 
the loosest and densest state of coarse-grained soils. 

Effective particle size (Dy) is the average particle diameter of the soil at 10 
percentile; that is, 1096 of the particles are smaller than this size (diameter). 
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Average particle diameter (Ds) is the average particle diameter of the soil. 


Liquid limit (w,,) is the water content at which a soil changes from a plastic 
state to a liquid state. 

Plastic limit (wp,) is the water content at which a soil changes fro 
to a plastic state. 

Shrinkage limit (wa) is the water content at which a soil 
to a semisolid state without further change in volu 



















Groundwater is water under gravity in excess of th 
pores. 


Head (H) is the mechanical energy per unit 
Coefficient of permeability (k) is a propo 
flow velocity of water through soils. 
Maximum dry unit weight (Ymax) iS th 
attain using a specified means of 6m 


Optimum water content (Wop 
attain its maximum dry unit w 





2.2 QUESTIONS TO "w OUR READINC 





How is soil described and classified? 
What are the main m | 
aracterize soils? 
grained and fine-grained soils? 
required to characterize soils? 


soils? 


13. How do you plan a soil investigation? 
14. What are the effects of water on the unit weight of soils? 
15. What factors affect the compaction of soils? 


2.3 COMPOSITION OF SOILS 





2.3.1 Soil Formation 


Soils are formed from the physical and chemical weathering of rocks. Physical 
weathering involves reduction of size without any change in the original com- 
position of the parent rock. The main agents responsible for this process are 
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exfoliation, unloading, erosion, freezing, and thawing. Chemical weathering 
causes both reductions in size and chemical alteration of the original parent rock. 
The main agents responsible for chemical weathering are hydration, carbonation, 
and oxidation. Often, chemical and physical weathering take place in concert. 






















soils retain many of the elements that comprise the parent r 
also called fluvial soils, are soils that were transported by rive 
composition of these soils depends on the environmen 
transported and is often different from the parent rock. 


were transported and deposited by glaciers. 
marine environment. 


2.3.2 Soil Types 


Common descriptive terms suc 
identify specific textures in so 
that is, sand is one soil t 
feel of a soil. Sands an 
Clays and silts are fine-g 





. The coarseness of 

sizes, which» means of classifying 
coarse-grained §oils. i we need further infor- 
mation é erit z ontents. The response of fine- 
grained 


Glacial soi 
boulders. 


Glacial till is a soil that consists mainly of coarse particles. 


are mixed soils consisting of rock debris, sand, silt, clays, and 


Glacial clays are soils that were deposited in ancient lakes and subsequently 
frozen. The thawing of these lakes reveals a soil profile of neatly stratified 
silt and clay. sometimes called varved clay. The silt layer is light in color 
and was deposited during summer periods while the thinner, dark clay layer 
was deposited during winter periods. 


* Gypsum is calcium sulphate formed under heat and pressure from sedi- 
ments in ocean brine. 


* Lateritic soils are residual soils that are cemented with iron oxides and are 
found in tropical regions. 
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e Loam is a mixture of sand, silt, and clay that may contain organic material. 
* Loess is a wind blown, uniform fine-grained soil. 
* Mud is clay and silt mixed with water into a viscous fluid. 
















2.3.3 Clay Minerals 

Minerals are crystalline materials and make up the solids-&ons nt ofa soil. 
The mineral particles of fine-grained soils are platy. Mi re ified ac- 
cording to chemical composition and structure. Most rest to geo- 


two of the most 
ith a structural 
sitively charged ion) 
ions), one at each corner 


technical engineers are composed of oxygen and sil 


unit called the silica tetraheron. A central 
is Surrounded by four oxygen anions (neg 
of the tetrahedron (Fig. 2.2a). The cha 
achieve a neutral charge, cations mus 


of an aluminum 
tahedron (Fig. 2.2c,d). 
p clays are the min- 
has a structure that consists 


Q and ® = Silicon 


(a) Single (b) A tetrahedral 





Aluminum 


© and © ` = Oxygen or Hydroxyl @ = Aluminum 


(c) Single octahedrons (d) Octahedral sheet 


FIGURE 2.2 (a) Silica tetrahedrons, (b) silica sheets, (c) single aluminum 
octahedrons, and (d) aluminum sheets. 
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Ns Silica sheet 


Alumina sheet 
Silica sheet 
Layers held 
loger by van 












| D^ 
Alumina sheet Silica sheet 


Silica sheet E-*—— Alumina sheet 
Silica sheet 
Potassium ions 





Hydrogen bonds 


of one silica sheet and one alumina sheet b og into a layer about 0.72 
nm thick and stacked repeatedly (Fig. | ayers are held together by 


together by weak van der 
can m enter the bond 










, while for clays, it is as high as 1000 m? per 
surface of kaolinite ranges from 10 to 20 


uivalent to the area of a football field. Because of 
orces M orco influence the behavior of fine- 


ative surface attract ca ions and the positively charged side of water 
molecules from surrounding water. Consequently, a thin film or layer of water, 
called adsorbed water, is bonded to the mineral surfaces. The thin film or layer 
of water is known as the diffuse double layer (Fig. 2.4). The largest concentration 
of cations occurs at the mineral surface and decreases exponentially with distance 
away from the surface (Fig. 2.4). 

Drying of most soils, with the exception of gypsum, using an oven for which 
the standard temperature is 105 + 5°C, cannot remove the adsorbed water. The 
adsorbed water influences the way a soil behaves. For example, plasticity, which 
we will deal with in Section 2.6, in soils is attributed to the adsorbed water. Toxic 
chemicals that seep into the ground contaminate soil and groundwater. The sur- 
face chemistry of fine-grained soils is important in understanding the migration, 
sequestration, re-release, and ultimate removal of toxic compounds from soils. 


T2 
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Mineral surface 






Mineral 
surface 


Concentration 




















Diffuse double layer Distance 


FIGURE 2.4 Diffuse double layer. 


soils. Accordingly, we will not deal wi 

soils. You may refer to Mitchell (1 
chemistry of fine-grained soils that a 
vironmental engineers. 





Soil particles are ip] ri ineral particles are ar- 
ranged into struct ve«eall : abric (Fig. 2.5). Each particle 
is 1 ke environment under which 

iework that is formed. In partic- 
greatest influence on the kind of 


deposition 
ular, the elec 






med under a saltw 





(a) Flocculated structure—saltwater environment (5) Flocculated structure—freshwater environment 





(c) Dispersed structure 


FIGURE 2.5 Soil fabric. 
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parallel to each other. A flocculated structure, formed under a freshwater envi- 
ronment, results when many particles tend to orient perpendicular to each other. 
A dispersed structure is the result when a majority of the particles orient parallel 
to each other. 

Any loading (tectonic or otherwise) during or after deposit) 









particular loading condition. Consequently, the history of loading and changes 
in the environment is imprinted in the soil fabric. The soil.fa i rain; it 
retains the memory of the birth of the soil and subseqtient tha at occur. 
The spaces between the mineral particles are called vo hich may be 
filled with liquids (essentially water) and gases (essentially.air); Voids occupy a 
large proportion of the soil volume. Interco oids form the passageway 
through which water flows in and out of soils. If we change the volume of voids, 
we will cause the soil to either compress (Settle) or expand (dilate). Loads applied 
by a building, for example, will cause minera) particles to be forced closer 
together, reducing the volume of voids: anging the orientation of the struc- 






















tural framework. Consequentl tles. The of settlement 
depends on how much we co at which the 
settlement occurs depends on the ater, not 
the adsorbed water, and i ust be forced out for set- 
tlement to occur. The dec ent of buildings 
and other structu usu d almost ceaseless 


because of theif (fine-grain 
grained soils. T 
grained soils pr 


pared with coarse- 
compared with coarse- 
w of water through the voids. 










change characteristics are not significantly 
ditions. They are practically incompressible 


strength with variations in moisture conditions, and are frost susceptible. The 
engineering properties of coarse-grained soils are controlled mainly by the grain 
size of the particles and their structural arrangement. The engineering properties 
of fine-grained soils are controlled by mineralogical factors rather than grain size. 
Thin layers of fine-grained soils, even within thick deposits of coarse-grained 
soils, have been responsible for many geotechnical failures and therefore you 
need to pay special attention to fine-grained soils. 

In this book, we will deal with soil as a construction and a foundation ma- 
terial. We will not consider soils containing organic material or the parent ma- 
terial of soils—rock. We will label our soils as engineering soils to distinguish 
our consideration of soils from geologists, agronomists, and soil scientists, who 
have additional interests in soils not related to construction activities. 


14 


CHAPTER2 PHYSICAL CHARACTERISTICS OF SOILS AND SOIL INVESTIGATIONS 


The essential points are: 


I. Soils are derived from the weathering of rocks and are commonly de- 
scribed by textural terms such as gravels, sands, silts, and clay 


2. Particle size is used to distinguish various soil textures. 


3. Clays are composed of three main types of mineral—kaol 
and montmorillonite. 
. The Wu iR oun of sien and d shee 










6. 


feat 


Soil is composed of solids, liquids, and gases (Fig. 2.6a). The solid phase may be 
mineral, organic matter, or both. As mentioned before, we will not deal with 
organic matter in this textbook. The spaces between the solids (soil particles) are 
called voids. Water 1s often the predominant liquid and air is the predominant 
gas. We will use the terms water and air instead of liquids and gases. The soil 
water is commonly called pore water and it plays a very important role in the 
behavior of soils under load. If all the voids are filled by water, the soil is satu- 
rated. Otherwise, the soil is unsaturated. If all the voids are filled with air, the 
soil is said to be dry. 

We can idealize the three phases of soil as shown in Fig. 2.6b. The physical 
properties of soils are influenced by the relative proportions of each of these 
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(a) Soil (b) Idealized soi! 
FIGURE 2.6 Soil phases. 


phases. The total volume of the soil is the i > volume of solids (V,), 


(2.1) 


where 








is the volume of voids. 
(W,) and the wei 






m of the weight of solids 


u 
fai negligible. Thus, 





(2.2) 


(2.3) 





t of a soil is found by weighing a sample of the soil and then 
at 110 + 5°C until the weight of the sample remains constant; 


achieved in 4 hours. The soil is removed from the oven, cooled, and then 
weighed. Example 2.2 illustrates the measurements and calculations required to 
determine the water content. 


2. Void ratio (e) is the ratio of the volume of void space to the volume of 
solids. Void ratio is usually expressed as a decimal quantity. 
V, 


e^ yv. (2.4) 


3. Specific volume (V') is the volume of soil per unit volume of solids: 
V' 


Ty 7l*e (2.5) 
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This equation is useful in relating volumes as shown in Example 2.3 and in the 
calculation of volumetric strains (Chapter 3). 


4. Porosity (n) is the ratio of the volume of voids to the total volume. 
Porosity is usually expressed as a percentage. 















|. i | 
n= (2.6) 
Porosity and void ratio are related by the expression 
| ë 
| 1l-*e e 
Let us prove Eq. (2.7). We will start with the basic [Eq. (2.6)] and then 


e will be decomposed 
into the volume of solids and the volume en both the numerator 
and denominator will be divided by lids; that 15, 









5. Specific gravity (€ lisi * ratio of the weight of.the soil solids to the 


weight of water of 





(2.8) 


ils. The container is weighed and a small 
e mass of the container and the dry soil is 
dded to the soil in the container. The container 
bbles. When all air bubbles have been removed, 





thoroughly clea: De-aired water is added to fill the container and the mass 
of the container and water is determined. 

Let m, be the mass of the container; m; be the mass of the container and 
dry soil; m, be the mass of the container, soil, and water; and m be the mass of 
the container and water. The mass of dry soil is m, = ma — m, the mass of water 
displaced by the soil particles i$ m4 — m4 — ma + m,, and G, = m,/ms. 


6. Degree of saturation (S) is the ratio, often expressed as a percentage, of 
the volume of water to the volume of voids: 





(2.9) 


If S — 10r 10096, the soil is saturated. If S — 0, the soil is bone dry. It is practically 
impossible to obtain a soil with S = 0. 


2.4 PHASE RELATIONSHIPS 17 


TABLE 2.1 Typical Values 
of Unit Weight for Soils 





Soil type Ysa (kN/m?) ya (kN/m?) 













Gravel 20-22 15-17 
Sand 18-20 13-16 
Silt 18-20 14-18 


Clay 16-22 14-21 


7. Unit weight is the weight of a soil per unit voll ill use the term 


bulk unit weight, y, to denote unit weight: 





(2.10) 
Special Cases 
(a) Saturated unit weig 
Ore =e Z 
(b) Dry unit w 
(2.12) 





EAS ES 


u 













) Effective or buoyz 
ded by water, pe 


weight is the weight of a saturated soil, sur- 
it volume of soil: 






(2.13) 


between the loosest and densest possible state of coarse-grained soils as deter- 
mined by experiments: 


(2.14) 





where e,,,, is the maximum void ratio (loosest condition), e,,;, is the minimum 
void ratio (densest condition), and e is the current void ratio. 

The maximum void ratio is found by pouring dry sand, for example, into a 
mold of volume (V) 2830 cm? using a funnel. The sand that fills the mold is 
weighed. If the weight of the sand is W, then by combining Eqs. (2.10) and (2.12) 
we get &,,, — G,y, (V/W) — 1. The minimum void ratio is determined by vibrating 
the sand with a weight imposing a vertical stress of 13.8 kPa on top of the sand. 
Vibration occurs for 8 minutes at a frequency of 3600 Hz and amplitude of 0.064 
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TABLE 2.2 Description 
Based on Relative 

















Density 
D, (93) Description 
0-15 Very loose 
15-35 Loose 
35-65 Medium dense 
65-85 Dense 
85-100 Very dense 
mm. From the weight of the sand (W) an z Gerupied by it after 
vibration, we can calculate the minimum void ra i ! Val Wil Wy) — 1. 









What's next...Four examples wil 
problems involving the consti 
of the equations describin 


EXAMPLE 2.1 









proof of these equations are algebraic manipulations. Start 
ition and then manipulate the basic equation algebraically to 





with the basic 
get the desired form. 






Solution 2.1 


(a) For this relationship, we proceed as follows: 
Step 1: Write down the basic equation, 


y= 


EN I 


Step 2: Manipulate the basic equation to get the desired equation. 
You want to get e in the denominator and you have V,. You know 
that V, = eV, and V,, is the weight of water divided by the unit 
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weight of water. From the definition of water content, the weight of 
water is wW,. Here is the algebra: 

















W, wW, 
V= y= m 
Yw Yw 
W 
gM. Gr 
ey, V, e 


(b) For this relationship, we proceed as follows: 


Step 1: Write down the basic equation, Y 
Step 2: Manipulate the basic equati h form of the equation. 





























_ W, " wW, e 
Ya v 
wy FY 

Ya = 1 

4 1-7 

(c) For this relationship, we proceed as follows: 
Step 1: Start With the basic equatio 

W 

V 


ipulate the equatio get the new form of the equation. 





EUM us act ME 
V+ V, VV, 


,and V, — eV,, we obtain 


_ WI + Se/G,) 





V0 e) 
4 Oy * Se/G,)) — Go, (1 + w) 
lt+e le 
_ G, + Se 
Y l+e Tw iS 


EXAMPLE 2.2 


A sample of saturated clay was placed in a container and weighed. The weight 
was 6 N. The clay in its container was placed in an oven for 24 hours at 105°C. 
The weight reduced to a constant value of 5 N. The weight of the container is 
1 N. If G, = 2.7, determine the (a) water content, (b) void ratio, (c) bulk 
unit weight, (d) dry unit weight, and (e) effective unit weight. 
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Strategy Write down what is given and then use the appropriate equations 
to find the unknowns. You are given the weight of the natural soil, sometimes 
called the wet weight, and the dry weight of the soil. The difference between 
these will give the weight of water and you can find the water content by using 
Eq. (2.3). You are also given a saturated soil, which means that S 
















Solution 2.2 
Step 1: Write down what is given. 


Weight of sample + container = 6N. 
Weight of dry sample + container = 





Determine the void 


(see Example 2.1) 





= 19.7 kN/m? 


| 2.7 
= X * = . / n 
e — 55 X 98 7 158 kNim 
yam nA - LL. 2 158kNim' 


(1 w) 1-025 


Determine the effective unit weight. 


6 i 23 1 
"ue ee = | ————_——- x 9.8 = 9. 3 
Y Ve p. (; + sex) ane eee 


or 
Y' ^^ — y, 7 197 — 98 2 99 kN/m? B 
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EXAMPLE 2.3 


An embankment for a highway is to be constructed from a soil compacted to a 
dry unit weight of 18 kN/m?. The clay has to be trucked to the site from a borrow 
pit. The bulk unit weight of the soil in the borrow pit is 17 kN/m? and it 
water content is 5%. Calculate the volume of clay from the borrow | 
for 1 cubic meter of embankment. Assume G, = 2.7. 











Strategy This problem can be solved in many ways. We 
ways. One way is direct; the other a bit longer. In the first 
use the ratio of the dry unit weights of the compacted soil T 
to determine the volume. In the second way, we will.use ific volume. In 
this case, we need to find the void ratio for the bo and the desired 
void ratio for the embankment. We can then r volumes of the 
embankment and the borrow pit clay. 


























Solution 2.3 
Step 1: Find the dry unit weight of tk 












Step 2: Find the vol 





2: Determine e, a 


y 17 








Wie" iron) Nm 
G, 
and therefore 
Yu: 9.8. 
G; ——1227|-— 1 = 0.633 
Va fa 


Similarly, 
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Step 3: Determine the volume of borrow pit material. 

















Vi Ite 
VV lte 
Therefore 
EEE A ofl HOC; 
MT EA (1+ 5S) - 
EXAMPLE 2.4 


If the borrow soil in Example 2.3 were to be compacted 
of 18 kN/m? at a water content of 796, determi 
per cubic meter of embankment, assuming no lós 





Strategy Since water content is related to 


total weight, we need to use the data giv 


Solution 2.4 
Step I: Determine the weight of s 









5article size infl 
» will describe niethods 


response of soils to loads and to flow 
the laboratory to find particle sizes in 








2.5.1 Particle Size of Coarse-Grained Soils 





The distribution of particle sizes or average grain diameter of coarse-grained 
soils—gravels and sands—is obtained by screening a known weight of the soil 
through a stack of sieves of progressively finer mesh size. A typical stack of sieves 
is shown in Fig. 2.7. 

Each sieve is identified by a number that corresponds to the number of 
square holes per linear inch of mesh. The particle diameter in the screening 
process, often called sieve analysis, is the maximum particle dimension to pass 
through the square hole of a particular mesh. A known weight of dry soil is placed 
on the largest sieve (the top sieve) and the nest of sieves is then placed on a 
vibrator, called a sieve shaker, and shaken. The nest of sieves is dismantled, one 
sieve at a time. The soil retained on each sieve is weighed and the percentage of 
soil retained on each sieve is calculated. The results are plotted on a graph of 
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FIGURE 2.7 Stack of sieves. 


percent of particles fi 
ordinate versus the log 
sulting p is cal 


in Fig. 2.8. The re- 
imply, the gradation 


(2.15) 


(2.16) 


i=] 


You can,use mass. instead of weight. The unit of mass is grams or kilograms. 


Particle size (mm) - logarithmic scale 
FIGURE 2.8 Particle size distribution curves. 
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2.5.2 Particle Size of Fine-Grained Soils 


The screening process cannot be used for fine-grained soils—silts and clays— 
because of their extremely small size. The common laboratory method to deter- 
mine the size distribution of fine-grained soils is a hydrometer test (Fig. 2.9). The 
hydrometer test involves mixing a small amount of soil into a ion and 
observing how the suspension settles in time. Larger particles will settle quickly 
followed by smaller particles. When the hydrometer is lowered the suspen- 










balance the weight of the hydrometer. The length of th ter projecting 
above the suspension is a function of the density, so it is i 
hydrometer to read the density of the suspensio 


tion of the hydrometer is affected by temperature ific gravity of the 
suspended solids. You must then apply a c ctor to your hydrometer 
reading based on the test temperatures. 

Typically, a hydrometer test is condu uantity of a 
dry fine-grained soil (approximately d thoroughly mixing it with 


distilled water to form a paste. 
distilled water is added to bring the he 1 liter mark. The glass cylinder 
is then repeatedly shaken and inverted before being placed in a con 
perature bath. A hydromete àced in the glass c er and a; clock is simul- 
taneously started. At di oy es, the hydrometéx is read, The diameter D of 
the particle at time, is calculated from Stokes’s law 2 



























(2.17) 


ineo at 20°C), z is the depth, y,, is 
fic gravity. 





t geotechnical engineering needs. For more 
surements in fine-grained soils, other more 


Hydrometer 


Soil 
suspension 


Increasing density 


FIGURE 2.9 Hydrometer in soil-water suspension. 








Q 
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sophisticated methods are available (e.g., light scattering methods). The dashed 
line in Fig. 2.8 shows a typical particle size distribution for fine-grained soils. 


2.5.3 Characterization of Soils Based on Particle Size 


The grading curve is used for textural classification of soils. Various classification 
systems have evolved over the years to describe soils based on their particle size. 
Each system was developed for a specific engineering 
will use the Unified Soil Classification System (USCS): 
into two categories. One category is coarse-grain 
more than 50% of the soil is greater than 0.075 m 
category is fine-grained soils that are deline 













finer than 0.075 mm. Coarse-grained soil ed-into gravels and sands 
while fine-grained soils are divided in clays. Each soil type—gravel, 
sand, silt, and clay—is identified by n in Table 2.3. The USCS 
does not differentiate silts from clays. less than 0.002 


mm. We will discuss the USC 

Real soils consist of a niixture of parti Izes. n of a soil for a 
particular use may depend on the i i ins. Two coef- 
ficients have been defined to provide ils based on 
the distribution of the i i easure of unifor- 


mity, called the uniform 


(2.19) 


E a n A 
here D3 isthe diameter of the soil particles for which 30% of the particles are 
finer. 
Soi , 





TABLE 2.3 Descriptions, and Average Grain Sizes According 

to USCS 

Soil type Description Average grain size 

Gravel Rounded and/or angular bulky hard rock Coarse: 75 mm to 19 mm 
Fine: 19 mm to 4 mm 

Sand Rounded and/or angular bulky hard rock Coarse: 4 mm to 1.7 mm 


Silt 


Clay 


Medium: 1.7 mm to 0.380 mm 
Fine: 0.380 mm to 0.075 mm 


Particles smaller than 0.075 mm, exhibit little or 0.075 mm to 0.002 mm 
no strength when dried 
Particles smaller than 0.002 mm, exhibit <0.002 mm 


significant strength when dried; water reduces 
strength 
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A soil that has a uniformity coefficient of <4 contains particles of uniform 
size (approximately one size). The minimum value of UC is 1 and corresponds 
to an assemblage of particles of the same size. The gradation curve for a uniform 
soil is almost veriga (Fig. e) ee in the gradation curve indicate two or 










certain grain sizes, termed gap- Suid. is diagnosed by a 
outside the range 1 to 3 and a sudden change of slope 
bution curve as shown in Fig. 2.8. 



















graded soils are also sorted by water but certain sizes were not transported. Well- 
graded soils are produced by bulk transport processe (e... glacial till). The 
uniformity coefficient and the coefficient of.cc i 
coarse-grained soils. 

The diameter D,, 1s called th 
by Allen Hazen (1893) in connect 
size 1s the diameter of an artificial 
same effect of an irregular é 
portant Inr regulating e flow 


with each um 
D, value, the c 





Particle si ses have many uses in engineering. They are used to select 
aggregates for concrete, soils for the construction of dams and highways, soils as 
filters, and material for grouting and chemical injection. In Section 2.8, you will 
learn about how the particle size distribution is used with other physical prop- 
erties of soils in a classification system designed to help you select soils for par- 
ticular applications. 


The essential points are: 
"coarse-grained SU. 


‘or fine-grained soils, a hydrometer analysis is used to find the parti- 
cle size distribution. 
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J. Particle size distribution is represented on a semilogarithmic plot of 
% finer (ordinate, arithmetic scale) versus particle size (abscissa, log- 
arithm scale). 


4. The particle size distribution plot is used to delineate ¢ erent soil 
textures (percentages of gravel, sand, silt, and clay) 


5. The effective size, Do, is the diameter of the particl 
of the soil is finer. D,o is an important value in 
through soils and can significantly influence the 




















of soils. 

6. Ds, is the average grain size diameter 

7. Two coefficients—the uniformity coe coefficient of cur- 
vature—are used to characterize i ' size distribution. Uni- 
form soils have uniformity coe  —4 and steep gradation curves. 
Well-graded soils have uniformity coefj 4, coefficients of cur- 
vature between I and 3, anc "radation curves. soils 
have coefficients of cu , and one umps on 
the gradation curves. 

EXAMPLE 2. 










A sample of < 
a nest of sieve 


dry coarse-grained materia 
and the following results we 


3500 grams was shaken through 
> obtained: 










E 


Ok Opening (mm) Mass retained 


V T 
98 










Sieve n a 





2.00 





le size distribution curve. 





(b) Determine (1) the effective size, (2) the average particle size, (3) the uni- 
formity coefficient, and (4) the coefficient of curvature. 


(c) Determine the textural composition of the soil (i.e., the amount of gravel, 
sand, etc.). 


(d) Describe the gradation curve. 


Strategy The best way to solve this type of problem is to make a table to 
carry out the calculations and then plot a gradation curve. Total mass of dry 
sample (M) used is 500 grams but on summing the masses of the retained soil in 
column 2 we obtain 499.7 grams. The reduction in mass is due to losses mainly 
from a small quantity of soil that gets stuck in the meshes of the sieves. You 
should use the *'after sieving” total mass of 499.7 grams in the calculations. 
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Solution 2.5 
Step 1: Tabulate data to obtain 95 finer. 












Mass retained % Retained 
(grams) M, (M, /M) x 100 =(% Retained) 








Sieve no. 





Pan 6.1 1.2 
Total mass M = 499.7 













Gravel 
ra = 
cla: 2% 


Step 5: Calculate UC and CC. 













0.18? 
~ 0,1 & 0.45 





= 0.72 


| Graveis 


Tor Trimmer m 
HH 
zu A LIB 
DET AL LIMIT. 


e - TELA (a 
1 LH IA fe ffi 

ky NN 
1 ima niz dT | 


CO | “HH ll 
Tit tit il 


Particle size Giit- logarithmic scale 
FIGURE E2.5 Particle size distribution curve. 
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What's next .. .Particle size is adequate to classify coarse-grained soils. To classify 
fine-grained soils, we need additional information on the surface forces and mineral 
contents. We will discuss laboratory tests that are used to account for the surface 
forces and mineral content of a soil. In a conventional geotechnical course, you will 
be required to conduct the tests described next. 











2.6 PHYSICAL STATES AND INDEX 
PROPERTIES OF FINE-GRAINED SOILS 


———Usá— ——— Á — — — — ÁQ— m eS oa —— 





& 








tinct states: solid, semisolid, plastis, and aad creasing water con- 
tent. Let us consider a soil initially in 


2. 10, we can locate the original liqui 
content reduces and consequenti 

















rupture. But if 
behavior, the 
visible cracks 
plastic to a se 


content for plastic 
molded now without 
the soil changes from a 
it, denoted by wp. The range of 


water c ally is known as the plasticity 
index, J, 

(2.20) 

As the soil conti yait comes to a final state called the solid state. 


state, no fu 


re called the Atterberg limits named after their origi- 
cientist, A. Atterberg (1911). 
ged the states of fine-grained soils by changing the water 


Volume 


Plastic Liquid 





Solid Semisolid 





m" WPL WLL 
Water content 
FIGURE 2.10 Changes in soil states as a function of soil volume and water 
content. 
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Table 2.4 Description of Soil Strength Based on 












Liquidity Index 

Values of h, Description of soil strength 

l, «0 Semisolid state—high strength, brittle (sudden) fracture 
is expected 

0<i,<1 Plastic state—intermediate strength, soil deforms like.a 
plastic material 

h 1 Liquid state—low strength, soil deforms like a viscou 


fluid 











content. Since engineers are interested in deformation of ma- 
terials, we can associate specific strength each of the soil states. 
At one extreme, the liquid state, the soil h st strength ayid the largest 
deformation. At the other extreme, thé soh e soil has the latgest strength 
and the lowest deformation. A met i i tterberg limits 
is known as the liquidity index | 


(2.21) 


ent between the 
its plasticity index. 


d that for soils with a particular mineralogy, the 
lated to the amount of the clay fraction. He coined 


A = Diay artian (55) 


You should recall that the clay fraction is the amount of particles less than 2 jum. 


TABLE 2.5 Typical Atterberg 
Limits for Soils 





Soil type wis (%) Wer (%) I, (96) 


Sand Nonplastic 
Silt 30-40 20-25 10-15 
Clay 40-150 25-50 15-100 
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2.7 DETERMINATION OF THE LIQUID, 
PLASTIC, AND SHRINKAGE LIMITS 





2.7.1 Casagrande Cup Method 









The liquid limit is determined from an apparatus (Fig. 2.11).that consists of a 
semispherical brass cup that is repeatedly dropped onto a hard rubber base from 
a height of 10 mm by a cam-operated mechanism. The a 
by A. Casagrande (1932) and the procedure for the te 
cup method. 
into à paste and placed 


is smoothed and a 












required to close the groove over a | 
A specimen of soil within the closed p 





groove over a distance O 
sented in a plot 







(Ordinate: 
le) as shown in Fig. 







to distinguish it from flow lines 
The liquid limit is read from 


2mm 


FIGURE 2.11 Cup apparatus for the determination of liquid limit. (Photo courtesy 
of Geotest.) 
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<— Best-fit straight line 
y called the liquid state line 
B LI 


Water content (96) 













10 — 20 25 30 40 50 60 708090100 
Number of blows — logarithmic scale 


FIGURE 2.12 Typical liquid limit results fro 


2.7.2 Plastic Limit Test 


eads and 
neter will 
average 










oproximately 3 mm 
:pminations a 










| to offer a more accurate 
ermining both the liquid and plas- 
> with an apex angle of 30° and 
above, but just in contact with, the soil 

all freely for a period of 5 seconds. The water 
netration of 20 mm defines the liquid limit. 






FIGURE 2.13 Fall cone apparatus. 
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Best-fit straigh 
1 


t line 
50 I———— | — 















Water content (96) 
A 
un 


Penetration of cone (mm) - logarithmic scale 
FIGURE 2.14 Typical fall cone test resul 


The sample preparation is si 
container in the fall cone tes 

Four or more tests at diffe 
the difficulty of achieving the liquic 
as water content (ordin i 
rithm scale) and the best- 
is drawn (Fig. . The liquid limit is read from 
on the liquid state line corresponding to i 





s the water content 
mm. The plastic limit 














2Aw 





- — - wi, — 42A 
lof (Mj M;) WLL w (2.22) 
e Aw is the Separation in terms of water content between the liquid state 
lines (Fig. 2. ones, M; is the mass of 80 gram cone, and M; is the 


The shrinkage limit is determined as follows. A mass of wet soil, 7, is placed in 
a porcelain dish 44.5 mm in diameter and 12.5 mm high and then oven-dried. 
The volume of oven-dried soil is determined by using mercury to occupy the 
vacant spaces caused by shrinkage. The mass of the mercury is determined and 
the volume decrease caused by shrinkage can be calculated from the known 
density of mercury. The shrinkage limit is calculated from 


(2.23) 





where m, is the mass of the wet soil, m is the mass of the oven-dried soil, V; is 
the volume of wet soil, V2 is the volume of the oven-dried soil, and g is the 
acceleration due to gravity (9.8 m/s’). 
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The essential points are: 


1, Fine-grained soils can exist in one of four states: solid, semisolid, 
plastic, and liquid. 


2. Water is the agent that is responsible for changing the s 
. A soil gets weaker if its water content increases. 


tates of soils. 
4. Three limits are defined based on the water content a 
change of state. These are the liquid limit—the water 








on] 


caused the soil to change from a liquid to a plas te; 
limit—the water content that caused the soil to ch 
to a semisolid; and the shrinkage limit— 
the soil to change from a semisolid to 






EXAMPLE 2.6 


A liquid limit test conmdueted 
results: 

















a soil sample in the cup dev e the following 





Number of b 
Water conten 










10 
eye 


determinations for th iclimit gave water contents of 20.3% and 20.8%. 
mine-(a) the liquid hi tic limit, (b) the plasticity index, (c) the 
i tu tent is 27.4%, and (d) the void ratio at the 





content versus of blows. Use the data to make your plot, then extract 
the liquid limit (water content on the liquid state line corresponding to 25 blows). 
Two determinations of the plastic limit were made and the differences in the 
results are small. So, use the average value of water content as the plastic limit. 


Solution 2.6 
Step 1: Plot the data. 
See Fig. E2.6. 


Step 2: Extract the liquid limit. 
The water content on the liquid state line corresponding to a terminal 
blow of 25 gives the liquid limit. 


Wor = 38% 
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Water content (96) 











10 20 25 30 40 50 60 708090100 
Number of blows — logarithmic scale 

FIGURE E2.6 Plot of the liquid state line fort 

cup method. 


iquid limi e Casagrande 


Step 3: Calculate plastic limit. 


The plastic limit is 


Calculate /,. 







Calculate /,. 





po 7 WE 













e void ratio. 
e soil is saturated 


late 
quid limit. For a saturated soil, 





= wi, G, - 038 x 27 - 1.03 
expeeted as the soil is in a plastic state 





Brittle failure is 


(0 « I, 














E 
EXAMPLE 2. 
The resultsof a fall cone test are shown in the table below. 
Parameter 80 gram cone 240 gram cone 
Penetration (mm) 5.5 7.8 14.8 22 32 8.5 15 21 35 


Water content (%) 39.0 44.8 52.5 60.3 67 36.0 45.1 49.8 58.1 


Determine (a) the liquid limit, (b) the plastic limit, (c) the plasticity index, and 
(d) the liquidity index if the natural water content is 36%. 


Strategy Adopt the same strategy as in Example 2.6. Make a semilogarithm 
plot of water content versus penetration. Use the data to make your plot, then 
extract the liquid limit (water content on the liquid state line corresponding to 
20 mm). Find the water content difference between the two liquid state lines at 
any fixed penetration. Use this value to determine the plastic limit. 
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70 






65 | - 





60 












| Can 
= ttn HH 


55 : 
Best-fit straight lin 

















en 


50 


Water content (95) 


45 |- 


Penetration of cone (mm) — logarithmic scale 


FIGURE E2.7 Plot of fall cone data. 


Solution 2.7 
Step 1: Plot the data. 
See Fig. E27. 


Step 2: Extract the liquic 





Step 3: 









dices—from quick, le tests. The question that arises is: What do we do with 
these data? Engineers w e to use the data to get a first impression on the use 
d possible performance of the soil for a particular purpose such as a construction 
material for an embankment. This is currently achieved by classification systems. We 
will study one such system next. 


$ 2.8 SOIL CLASSIFICATION SCHEMES 





A classification scheme provides a method of identifying soils in a particular 
group that would likely exhibit similar characteristics. Soil classification is used 
to specify a certain soil type that is best suitable for a given application. There 
are several classification schemes available. Each was devised for a specific use. 
For example, the American Association of State Highway and Transportation 
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Officials (AASHTO) developed one scheme that classifies soils according to their 
usefulness in roads and highways while the Unified Soil Classification System 
(USCS) was originally developed for use in airfield construction but was later 
modified for general use. 

We will study only the USCS because it is neither too e 
simplistic. The USCS uses symbols for the particle size gro 
and their representations are: G—gravel, S—sand, M—silt, ay. These are 
combined with other symbols expressing gradation charac ics | 
graded and P for poorly graded— and plasticity char 7 
L for low, and a symbol, O, indicating the presence o i rial. A typical 
classification of CL means a clay soil with low plasticity, while S 
graded sand. The flowcharts shown in Figs. i 
classifying a soil according to the USCS. 

Experimental results from soils testéd from 
plotted on a graph of plasticity index (ordinate 
was found that clays, silts, and organic so j 
















FIGURE 2.15a Unified Soil Classification flowchart for coarse-grained soils. 
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ified Soil Classification flo art for fine-grained soils. 





»tween clays (above the line) and 
»wn in Fig. 2.16. A second line, the 
pie 8), defines the upper limit of the correlation 
it. If the results of your soil tests fall above 
f your results and repeat your tests. 


Plasticity index (%) 


0 T 
O 10 20 30 40 50 60 70 80 930 100 
Liquid limit (%) 


FIGURE 2.16 Plasticity chart. 
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2.9 ENGINEERING USE CHART 





You may ask: "How do I use a soil classification to select a soil for a particular 
type of construction, for example, a dam?" Geotechnical engineers have pre- 
pared charts based on experience to assist you in selecting a soi particular 
construction purpose. One such chart is shown in Table 2.6. Thé numerical values 
] to 9 are ratings with No. 1 the best. The chart should only be used to provide 
guidance and to make a preliminary assessment of the 
particular use. You should not rely on such descri ent" shear 
strength or “negligible” compressibility to make fin construction 
decisions. We will deal later (Chapters 4 and 5) with eliable methods to 
determine strength and compressibility prop 










EXAMPLE 2.8 


Particle size analyses were carried out on 
particle size distribution curves i 
the two soils are: 





Particle size (mm) — logarithmic scale 
FIGURE E2.8 
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TABLE 2.6 Engineering Use Chart (After Wagner, 1957) 


 —————M ]————————ná——]J/JÓJÓÁ—————————————!——MHJ———"À—À 





Workability 





Shearing 












strength wher | as à 
Group Permeability compacted anc cted construction. 
Typical names of soil groups symbols when compacted saturatec 







and saturated material 
















Well-graded gravels, gravel-sand GW Pervious Excelle egligible Excellent 
mixtures, little or no fines 

Poorly graded gravels, gravel- GP Very pervious Negligible Good 
sand mixtures, little or no fines 

Silty gravels, poorly graded GM Semipervio Goe Negligible Good 
gravel-sand-silt mixtures fo imperviou 

Clayey gravels, poorly graded GC Impervi d to Good 






gravel-sand-clay mixtures fair 








Well-graded sands, gravelly SW B Excellent Excellent 
sands, little or no fines | 
Poorly graded sands, gravelly SP Fair 
sands, little or no fines 

Silty sands, poorly graded sand- SM Fair 


silt mixtures 









Clayey sands, poorly graded S Low Good 
sand-clay mixtures 
Inorganic silts and very fine ML 
sands, rock flaur, silty or clayey 


fine sands with slight plastic 


Impervious 







Semipervious Medium Fair 


to impervic 












Medium Good to 
fair 


Inorganic clays of low to 
medium plasticity, gravelly clay: 
sandy clays, silky clays, lean 


Poor Medium Fair 
Fair to High Poor | 
poor 


Impervious Poor High Poor | 


Organic clays af medium to Impervious Poor High Poor 


plasticity 
Peat and other highly organic 
oils 


the different percentages of each soil type and then follow the flowchart. To 
determine whether your soil is organic or inorganic, plot your Atterberg limits 
on the plasticity chart and check whether the limits fall within an inorganic or 
organic soil region. 


Solution 2.8 


Step 1: Determine the percentages of each soil type from the particle size 
distribution curve. 









Rolled earth dams 


)mogeneous 


bankment Core 
uj 2 4 

1 1 

4 9 

3 2 
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Relative desirability for various uses 


Roadways 























Canal sections Foundations ts 
Seepage ve Fro: 
Erosion Compacted Seepage not nc pave 
Shel! resistance earth lining important important es possible 
1 1 = = 1 1 


2 2 = — 3 
= 4 9 
-— 3 5 
3 lf 6 2 
gravelly 
4 if 7 if 4 
gravelly gravelly 
— Bif 10 
gravelly 
— 5 6 
11 
7 
12 
13 
8 
14 


Constituent Soil A Soil B 
Percent of particle greater than 0.075 mm 12 80 
Gravel fraction (95) 0 16 
Sand fraction (%) 12 64 
Silt fraction (3) 59 20 


Clay fraction (%) 29 0 














Surfacing 





a 
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Step 2: Use the flowchart. 
Following the flowchart, Soil A is ML and Soil B is SM. 


Step 3: Plot the Atterberg limits on the plasticity chart. 
Soil A: J, = 26 — 18 = 8% 

























The point (26, 8) falls above the A-line; the soil is inorganic. 
Soil B: Nonplastic and inor 


Step 4: Use Table 2.6 to make a preliminary assess 
Soil B with a rating of 5 is better than Soil B 
dam core. 


rating of 6 for the 
B 


What's next . . .We have discussed particle siz 
to classify soils. You know that water change 
greater the water content in a soil the we: 
materials much like sponges. Water car voids. Par- 
ticle sizes and the structural arrangemen of flow. 
In Table 2.6, you should have notice 18 of the important soil properties is 
permeability. Next, we will discuss $ armeabili ring one-dimensional 
flow of water through soils. an SE echnical struc- 
tures have failed because øf i ili : iscuss instability 
from two-dimensional fl i 


ex properties and used these 
ed soils; the 
are porous 


@ 2.10 ONE-DI 
OF WATER TH 


akes place downhill. The steady state condition 
the pore water pressures change with time. Pore 
pressure within the voids. 

into a soil mass that has water in excess of that required 
for saturation, observe water in the hole up to a certain level. This water 
level is called groundwater level or groundwater table and exists under a hydro- 
static condition. A hydrostatic condition occurs when the flow is zero. The top 
of the groundwater level is under atmospheric pressure. We will denote ground- 
water level by the symbol V. 





2.10.2 Head 


Darcy's law governs the flow of water through soils. But before we delve into 
Darcy’s law, we will discuss an important principle in fluid mechanics—Ber- 
noulli’s principle—which is essential in understanding flow through soils. 

If you cap one end of a tube, fill the tube with water, and then rest it on 
your table (Fig. 2.17), the height of water with reference to your table is called 
the pressure head (h,). Head refers to the mechanical energy per unit weight. If 
you raise the tube above the table, the mechanical energy or total head increases. 
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hp = WY, 
Pressure head 


hs 











h. 


Pressure head i 
Elevation head 





Datum-top of table 


Table 
FIGURE 2.17 Illustration of elevation an 










You now have two components Q 
a velocity v, 
the velocity 






iter pressure. 
taining a soil mass with water flowing through it at 


of the tubes. ight of water in tube B near the exit is lower than A. Why? 
As the water flows through the soil, energy is dissipated through friction with the 
soil particles, resulting in a loss of head. The head loss between A and B, assum- 





M — —— 1— — H 
FIGURE 2.18 Head loss due to flow of water through soil. 
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ing decrease in head is positive and our datum ts arbitrarily selected at the top 
of the cylinder, is AH = |(h,)p — (Ap)a\- 


2.10.3 Darcy's Law 


Darcy (1856) proposed that average flow velocity through soi 
to the gradient of the total head. The flow in any directio is 














where v is the average flow velocity, k is a co 
the coefficient of permeability or hydraulic ge 


Pn V. 


where i — AH/l is the hydraulic gra 
flow is laminar (Reynolds number « 
The average velocity, le 












through the inter 
seepage velocity 






w Or, simply, flow rate is the product of the 
ional area: 


(2.30) 


, Is m/s or cm"/s, The conservation of flow (law 
e volume rate of inflow (g,);, into a soil element 
- of outflow, (q,)s4. or, simply, inflow must equal 
outflow: (q,); 

The coe permeability depends on the soil type, the particle size 
distribution, the structural arrangement of the grains or void ratio, and the whole- 
ness (homogeneity, layering, fissuring, etc.) of the soil mass. Typical value ranges 
of k, for various soil types are shown in Table 2.7. 

Homogeneous clays are practically impervious. Two popular uses of im- 






TABLE 2.7 Coefficient of Permeability 
for Common Soil Types 





Soil type k, (cm/s) 
Clean gravel >1.0 
Clean sands, clean sand and gravel mixtures 1.0 to 107? 


Find sands, silts, mixtures comprising sands, silts, and clays 107? to 1077 
Homogeneous clays «107? 
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pervious" clays are in dam construction to curtail the flow of water through the 
dam and as barriers in landfills to prevent migration of effluent to the surrounding 
area. Clean sands and gravels are pervious and can be used as drainage materials 
or soil filters. 










2.10.4 Empirical Relationships for k 


For a homogeneous soil, the coefficient of permeabilit edominantly 
on its void ratio. You should recall that the void ra on the soil 
fabric or structural arrangement of the soil grains. A mpirical rela- 
tionships have been proposed linking k to voi i size for coarse- 


(2.31) 


One has to be extremely cautiou 
it is very sensitive to changes i 





collected by a beaker (Fig. E2.9). The average amount of water collected is 1 cm? 
for every 10 seconds. The tube is inclined as shown in Fig. E2.9. Determine the 
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(a) hydraulic gradient, (b) flow rate, (c) average velocity, (d) seepage velocity, if 
e = 0.6, and (e) coefficient of permeability. 






Strategy In flow problems, you must define a datum position. So your first 
task is to define the datum position and then find the differengé in total head 
between A and B. Use the head difference to calculate the hydraulic gradient 
and use Eqs. (2.28) to (2.30) to solve the problem. 














Solution 2.9 


Step 1: Define the datum position. Select the t 
Step 2: Find the total heads at A (inflow) 





the datum. 


um, then H4 — 
is AH — 1.2 m, which 


m X (diamf  wx10 | 


NANI RN 
ay ia 0.0013 cm/s 
U 
U; — — 
n 
e 0.6 
eT ee pep M 
0.0013 
Us = ag = 0.0034 cm/s 
Determine the coefficient of permeability. From Darcy’s law v = Ki. 
k 2 2.2 9009 .. 108 x 10-5 emis 
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EXAMPLE 2.10 


A drainage pipe (Fig. E2.10a) became completely blocked during a storm by a 
plug of sand, 1.5 m long, followed by another plug of a mixture of clays, silts, 
and sands, 0.5 m long. When the storm was over, the water level above ground 
was | m. The coefficient of permeability of the sand is 2 times t the mixture 
of clays, silts, and sands. 





















(a) Plot the variation of pressure, elevation, and tot 
the pipe. 






(b) Calculate the pore water pressure at (1) the 
(2) the center of the mixture of clays, silts, and 


(c) Find the average hydraulic gradients i 
silts and sands. 


given, you can 
head loss over 


drainage pipe as the 
=0+33=33m 


B = |H, — H,| = 3.3 m (decrease in head 
AH, Li, Ki, and q, be the head loss, length, 


| uM. fee Crick wall 


Clay soll 


Drain pipe 
—- B—Datum x 


Mixture of silts, clays 
and sands 


FIGURE E2.10a |llustration of blocked drainage pipe. 
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flow in the sand; let AH}, La, ka, and q» be the head loss, length, 
coefficient of permeability, and fow in the mixture of clays, silts, and 
sands. Now, 








AF AH 
qi = Akı at = AX 2ky 72 
l 


hJa + {h E 
"pA Ope 333 i 





| | 
—— a ÓÓ o É—— 
- Pressure head and total head 
-D iL m E 


Distance (m) 


FIGURE E2.10b Variation of elevation, pressure, and total heads along pipe. 
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Let E be the center of the mixture of clays, silts, and sands. 


(hj)g 9 —————— -» — — - 0.66 m 
up = 0.66 X 9.8 = 6.5 kPa 















Step 7: Find the average hydraulic gradients. 





zZ 
What's next . . .We have considered flow onl geneous soils. In reality, 
soils are stratified or layered with different s pes. In calculating flow through 
layered soils, an average or equivalent pe resenting the whole soil mass 
is determined from the permeabilit ; consider flow of 


water through layered soil masses: one flow occurs parallel to the s, the other 


flow occurs normal to the layer 
the hydraulic gradient is 


il mass as a whole is equal to the 


zi)kal t (1 X zikoi t ---(1Xzk,i (2.32) 


e horizontal permeabilities of the first to the mth 
k«44), we get 





(2.33) 





FIGURE 2.19 Flow through stratified layers. 
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2.10.6 Flow Normal to Soil Layers 


For flow normal to the soil layers, the head loss in the soil mass is the sum of the 
head losses in each layer: 


AH = Ah, + Ah, + -:- + Ah, 













where AH is the total head loss, and Ah, to Ah, are the head 
the n layers. The velocity in each layer is the same. The a 


k.,, are the vertical permeabilities of the | 
and (2.35) leads to 


Values of Kitea are gener 
less. 


EXAMPLE 2.1 
A canal is cut int 


takes plac 
below the 
















reability in the horizontal and 
ivalent horizontal permeability 


equivalent horizontal permeability over 
then use Eq. (2.36) to find the equivalent 
anal. To make the calculations easier, convert 
ingle exponent. 
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Solution 2.11 
Step L Find K,(,,, and Kreg) for flow through the sides of the canal. 















s^ 3m 


From Eq. (2.33), 
| l | 
K «(eq) = H. (zik, T ZK yo esce, si nie Zakin) 


= = (1 x 0.23 X 10°° + 15 X 5.2 
= 3x 10-° cm/s 
From Eq. (2.36), 


.61 X 107° cm/s 





Find Ksiega) Kete 
Kitai) E 
Katea) 

below the bottc 






Find 


57 
+ —— EE AN + 1.2 + f 3 = 
Kir ZX 1075 30 x 10 800 x 10 









bility k. We di ow this coefficient is determined in the laboratory and 


in the field. 


@ 2.11 DETERMINATION OF THE 
COEFFICIENT OF PERMEABILITY 





2.11.1 Constant-Head Test 


The constant-head test is used to determine the coefficient of permeability of 
coarse-grained soils. A typical constant-head apparatus is shown in Fig. 2.20. 
Water is allowed to flow through a cylindrical sample of soil under a constant 
head (/). The outflow (Q) is collected in a graduated cylinder at a convenient 
duration (r). 
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Mariotte bottle 










Coarse-grained 
soil 





L 


+ 


===> To measuring 
cylinder 


FIGURE 2.20 A constant-head apparatus 


With reference to Fig. 2.20, 


é A of water 


(2.37) 


a 
t 


The flow rate through the 
collected in the measuring der Over time /. 
From Eq. (2/30), 


















(2.38) 





(2.39) 


Ry = 2.42 — 0.475 In(T) 


2.11.2 Falling-Head Test 


The falling-head test is used for fine-grained soils because the flow of water 
through these soils is too slow to get reasonable measurements from the constant- 
head test. A compacted soil sample or a sample extracted from the field is placed 
in a metal or acrylic cylinder (Fig. 2.21). Porous stones are positioned at the top 
and bottom faces of the sample to prevent its disintegration and to allow water 
to percolate through it. Water flows through the sample from a standpipe at- 
tached to the top of the cylinder. The head of water (Ah) changes with time as 
flow occurs through the soil. At different times, the head of water is recorded. 
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i 
dh 
* 
Standpipe 
h 
Fine-grained 
soil 
L 
4 


73» To beaker 
FIGURE 2.21 A falling-head apparatus. 


Let dh be the drop in head over a tim iod dy. "The velocity or rate of head 
loss in the tube is 








where a is th 
get the outfl 


ppeal to Darcy's law to 


(h and r) and integrating between the appropriate 
comes 


Ak "a- <= 
aL ty hy h 
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EXAMPLE 2.12 


A sample of sand, 5 cm in diameter and 15 cm long, was prepared at a porosity 
of 60% in a constant-head apparatus. The total head was kept constant at 30 cm 
and the amount of water collected in 5 seconds was 40 cm?. The test temperature 
was 20°C. Calculate the coefficient of permeability and the seep locity. 














Strategy From the data given, you can readily apply Darcy's law to find K. 


Solution 2.12 


Step 1: Calculate the sample cross-sectional ar 





drauli ient, and flow. 








Step 2: Calculate k. 


Step 3: Caloulate the seepage velocit 


ki 02x2 
"^ gg 997 cm/s n 







he data from ling-head test on a silty clay are: 


Initial head = 90 cm 

Final head = 84 cm 

Duration of test = 15 minutes 
Diameter of tube = 6 mm 


Temperature = 22°C 


Determine k. 


Strategy Since this is a falling-head test, you should use Eq. (2.40). Make sure 
you are using consistent units. 
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Solution 2.13 
Step 1: Calculate the parameters required in Eq. (2.40). 
2 
a= mae = 0.28 cm? 








A = 80 cm? (given) 
t; — ty — 15 X 60 = 900 seconds 


Step 2: Calculate k. 


aL d .. 028 x 10, 


d um Ind mb 
Aln- n) Ms) 80x 900 ^ 








What's next . . .|n the constant-head 
coefficient of permeability of only a s 
soil mass. In some cases, we 
addition, if field samples are u 
cesses (see Section 2.11). 
the fabric of the soil an e accuracy of rep- 
resenting the in situ s ility tests. There are 
several field methods t i ici ermeability. Next, we will dis- 













urbed by sampling pro- 
nsitive to alteration in 










flow rate from a well and measuring the de- 
servation wells (Fig. 2.22). The equation, called 


ell penetrates through the water-bearing stratum and is per- 
the section that is below the groundwater level. 

2. The soil mass is homogeneous, isotropic, and of infinite size. 
3. Darcy’s law ts valid. 

4. Flow ts radial toward the well. 


5. The hydraulic gradient at any point in the water-bearing stratum is constant 
and is equal to the slope of groundwater surface (Dupuit’s assumptions). 


Let dz be the drop in total head over a distance dr. Then according to 
Dupuit’s assumption the hydraulic gradient is 


S 
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Observation wells | Pumping well 


cipe cope E atest 















b f Impervious 
FIGURE 2.22 Layoutofap to determine k. VY 


The area of flow ät a radialjdistance r fro he pumping well is 





s of an eleme 
aw, the flow is 






where z is of the pervious soil layer. 


From 





cy’ 








dz 


qy = mzk 


n 
and yy, and h; an 
r lia 
a. | © = kn | z dz 
nov hy 
Completing theéuntegration leads to 


i dv In(r2/r;) 
mr(h3 — Ff) v^ 


With measurements of r;, r;, hı, ha, and q, (flow rate of the pump), k can be 


calculated from Eq. (2.41). This test is only practical for coarse-grained soils. 


Pumping tests lower the groundwater, which then causes stress changes in 
the soil. Since the groundwater is not lowered uniformly as shown by the draw- 
down curve in Fig. 2.22, the stress changes in the soil will not be even. Conse- 
quently, pumping tests near existing structures can cause them to settle unevenly. 
You should consider the possibility of differential settlement on existing struc- 
tures when you plan a pumping test. Also, it is sometimes necessary to tempo- 
rarily lower the groundwater level for construction. The process of lowering the 


groundwater is called dewatering. 


to rearran equation and integrate it between the limits r; 
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Observation wells | Pumping well 


Impervious 


NA bed of thickness 


ate of pumping was 10.6 
ted at 15 m and 30 m from the 
.4 m, respectively, from the initial 
level was located at 1.9 m below 


15 m and the 
x 10^?m/s; 
center 
ground 
ground | 
















easurements to directly apply Eq. (2.41) to 
etch^of the pump test to identify the values to be 


tch of the pump test with the appropriate dimensions—see 
Fig. 
Step 2: Substitute given values in Eq. (2.41) to find k. 


r= 30m, ry =15m, Ap = 15 —- (1.9 + 1.4) = 11.7 m, 
h; = 15 — (1.9 + 1.6) = 11.5 m 
, In(r/r) — 10.6 x 1075 In(30/15) 


— ———— — —————————— — 5. x -2 
k-k wns 09510705 a 


What's next . . .Water, although regarded as the “foe” in geotechnical engineering, 
can be used to improve soil strength, reduce soil deformations under loads, and 
reduce the permeability. Next, we will study how water can assist in the improvement 
of soils. 
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2.12 DRY UNIT WEIGHT-WATER 
CONTENT RELATIONSHIP 

2.12.1 Basic Concept 

Let's examine Eq. (2.12) for dry unit weight, that is, 


- 52) _(_s6 
Ya = 1 oes” 


1+ a) 
The extreme right-hand side term was obtained by 
How can we increase the dry unit weight? Examination of Eq. 
we have to reduce the void ratio; that is, w/S 
maximum dry unit weight is obtained when $ 



















(2.42) 





= wG,/S. 
) reveals that 
; The theoretical 


(a) Mold (b) Hammer 
FIGURE 2.23 Compaction apparatus. (Photo courtesy of Geotest.) 
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22 [——— —————— ) — ——— 
Zero air voids— 10096 saturation 
| | i 


P 
| 

— — 
| 





Maximum 
dry unit 
weight 







16 








Dry unit weight (kN/m?) 















18 20 


water content 


capillary tension that r | j j d then yield 


the bell-shaped curve. i ith li imit less than 30%, may 
produce one or it weight is achieved. 
The wat t weight, (Ya)max 1S 


achieved is called the opti t water contents below 
optimum (dry pelle water facilitates the rearrange- 
ment i ' i he number of soil grains per 
unit vol ater contents just above optimum (wet of 


displaces soi umber of soil grains per unit volume 
f soil. Consequently, dry:unit weight decreases. 
2.3 Zero Ai 
iably u 
i 










The soil is in turated at the maximum dry unit weight, that is, 
can det the degree of saturation at the maximum dry unit weight 





a value of 2.7 with little resulting error in most cases. Equation (2.42) can be used 
to plot a series of theoretical curves of dry unit weight versus water content for 
different degrees of saturation (lines of constant degree of saturation) as shown 
in Fig. 2.24 for S = 100% and S = 80%. You plot these curves as follows: 


1. Assume a fixed value of S, say, S = 1 (100% saturation). 


2. Substitute arbitrarily chosen values of w, approximately within the range 
of water content on your graph. 

3. With the fixed value of S and either an estimated value of G, (^ 2.7) or a 
known value, find y, for each value of w using Eq. (2.42) and plot the results 
Of ya versus w. 


4. Repeat for a different value of S. 


60 CHAPTER2 PHYSICAL CHARACTERISTICS OF SOILS AND SOIL INVESTIGATIONS 


Line of optimum water content 


Increasing compaction 


Dry unit weight 















Water content 


FIGURE 2.25 Effect of increasing compaction efforts o 
water content relationship. 


The curve corresponding to S — lis k 
voids line. This line represents the mini 
water content [Eq. (2.43)]. 

The achievement of zero 4 
Proctor test, using higher leve 
mum dry unit weight at a lower of 
(Fig. 2.25). The degree o ration 
than the standard compac 






o lower at higher levels of compaction 













t or wet of optimum. Normal practice is 
water content value except for swelling 


e strength, lowers the compressibility, and reduces 
rearranging its fabric. The soil fabric is forced into 





2.12.5 Field Compaction 


A variety of mechanical equipment is used to compact soils in the field. You may 
have seen various types of rollers being used in road construction. Each type of 
roller has special mechanical systems to effectively compact a particular soil type. 
For example, a sheepsfoot roller (Fig. 2.26a) is generally used to compact fine- 
grained soils while a drum type roller (Fig. 2.26b) is generally used to compact 
coarse-grained soils. 


2.12.6 Compaction Quality Control 


A geotechnical engineer needs to check that field compaction meets specifica- 
tions. Various types of equipment are available to check the amount of compac- 
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BUT ll if | Hil i i 
NU Hii M HIR (in 


—— 
a. 


FIGURE 2.26 Two types of machinery for field compaction. (Photos courtesy of 
Vibromax America, Inc.) 





tion achieved in the field. Three popular apparatuses are (1) the sand cone, (2) 
the balloon, and (3) nuclear density meters. 


2.12.6.1 Sand Cone A sand cone apparatus is shown in Fig. 2.27. It consists 
of a glass or plastic jar with a funnel attached to the neck of the jar. 
The procedure for a sand cone test is as follows: 


1. Fill the jar with a standard sand—a sand with known density—and deter- 
mine the weight of the sand cone apparatus with the jar filled with sand 
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Wy = W, — (Wo + Wi) 





Volume of hole: V = We 
(Yalouawa sand 
SN. - 
eight of dry soil: W, — Í uv 


a a W, 
Dry unit weight: y, = a 


2.12.6.2 Balloon Test The balloon test apparatus (Fig. 2.28) consists of a 
graduated cylinder with a centrally placed balloon. The cylinder is filled with 
water. The procedure for the balloon test is as follows: 


L. Fill the cylinder with water and record its volume, V. 
2. Excavate a small hole in the soil and determine the weight of the excavated 
soil (W). 


3. Determine the water content of the excavated soil (w). 
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Air release 
valve 





Water 
Balloon 


FIGURE 2.28 Balloon test device. 











2* 


aratus (Fig. 2.29) 
ater content of the 
tter to a detector tube 
count rate is inversely propor- 
ent in the soil, the hydrogen 


y apparatus is first calibrated using the 
This calibration serves as a reference to deter- 
nt of a soil at a particular site. 


FIGURE 2.29 Nuclear density meter. (Photo courtesy of Seaman Nuclear Corp.) 
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EXAMPLE 2.15 


The results of a standard compactic 
mine the maximum dry u ight a 









. Deter- 






est are shown in the table belo 


1 optimum 







Water content (95) 







2€ ompute yy 
act the required info 





d then plot the results of y, versus w (96). Then 






on 2.1E 












Step 1: Use a table or a spreadsheet program to tabulate yy. 
> Eq; (2 nd the dry unit weight and Eq. (2.42) to calculate 
ry unit weight for S = 1. 








Zero air voids 


Dry unit weight 
Dry unit weight (kN/m*) 
Bulk unit (kN/m?) Water S ( G, 
Water weight a content 4$ 5M - wG,/S Ter 
content (%) (kN/m?) TUS Aw (96) S=1 





6.2 16.9 15.9 6 22.8 
8.1 18.7 17.3 8 21.8 
9.8 19.5 17.8 10 20.8 
11.5 20.5 18.4 12 20.0 
12.3 20.4 18.2 14 19.2 
13.2 20.1 17.8 
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fh FD 


L LLLA 


Maximum unit ght = 18.4 kN/m | 


10 41115 2 
Water content (96) 
FIGURE E2.15 Compaction test results. 
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nis an essential part ofthe design and construc- 
(buildings, dams, roads and highways, etc.). You 


2.13 SOIL INVESTIGATION 





2.13.1 Purposes of a Soil Investigation 


A soil investigation program is necessary to provide information for design and 
construction and for environmental assessment. The purposes of a soil investi- 
gation are: 


1, To evaluate the general suitability of the site for the proposed project. 
2, To enable an adequate and economical design to be made. 


3. To disclose and make provision for difficulties that may arise during con- 
struction due to ground and other local conditions. 
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2.13.2 Phases of a Soil Investigation 


The scope of a soil investigation depends on the type, size, and importance of 
the structure, the client, the engineer’s familiarity with the soils at the site, and 
local building codes. Structures that are sensitive to settlement s machine 
foundations and high-use buildings usually require a thorough goil investigation 
compared to a foundation for a house. A client may wish to take a greater risk 




















dertake a very simple soil investigation to confirm his/h 
building codes have provisions that set out the extent o 


to allow a detailed plan to be made. A 
phases. 


Phase I. Collection of availab 
importance of the structure, 
ports, topographic 
clippings. 

Phase II. Prelimi 


ase I to compare with 














s of a detailed soil explo- 


ire, which should include the thick- 
t of the soil strata. 


dwater conditions. 
disturbed samples for laboratory tests. 


port. The report must contain a clear description of the 
ethods of exploration, soil profile, test methods and re- 
sults, and t ation of the groundwater. You should include information 
and/or explanations of any unusual soil, water-bearing stratum, and soil and 
groundwater condition that may be troublesome during construction. 


2.13.3 Soil Exploration Program 


A soil exploration program usually involves test pits and/or soil borings (bore- 
holes). During the site visit (Phase ITI), you should work out most of the soil 
exploration program. A detailed soil exploration consists of: 


1. Preliminary location of each borehole and/or test pits. 
2. Numbering of the boreholes or test pits. 
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3. Planned depth of each borehole or test pit. 
4. Methods and procedures for advancing the boreholes. 


5. Sampling instructions for at least the first borehole. The sampling instruc- 
tions must include the number of samples and possible locations. Changes 
in the sampling instructions often occur after the first borehole. 









6. Requirements for groundwater observations. 


2.13.4 Soil Exploration Methods QS 
Access to the soil may be obtained by the following met 
* Trial pits or test pits 


* Hand or powered augers 

















* Wash boring 
* Rotary rigs 


The advantages and disa es e shown in Table 
2.8. 


2.13.5 Soil ntification in 


In the texture are identified by in- 
spection. dividual particles are visible. Silts 
easily cru i rfáce on application of pressure. Clays 
il this wa t since water flows very slowly through clays. Clays 
Em i o.the touch when wet but are very hard and 





such as clays, the borings should penetrate either 1.5 to 2 
sion of the foundation or until the stress increment due to 
s is less than 10%, whichever is greater. Borings should pen- 
etrate at least 1 m into rock. In very stiff clays, borings should penetrate 5 m to 
7 m to prove that the thickness of the strata is adequate. 





2.13.7 Soil Sampling 


The objective of soil sampling is to obtain soils of satisfactory size with minimum 
disturbance for observations and laboratory tests. Soil samples are usually ob- 
tained by attaching an open-ended thin-walled tube—called a Shelby tube or, 
simply, a sampling tube—to drill rods and forcing it down into the soil. 

The tube is carefully withdrawn, hopefully, with the soil inside it. Soil dis- 
turbances occur from several sources during sampling, such as friction between 
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TABLE 2.8 Advantages and Disadvantages of Soil Exploration Methods 





Method Advantages Disadvantages 


























Test pits * Cost effective * Depth limited 
A pit is dug either by hand or by a * Provide detailed * Deep pits 
backhoe. information of * Excavati undwater 
stratigraphy 

Large quantities of 
disturbed soils are 
available for testing 
Large blocks of 
undisturbed samples can 
be carved out from the 
pits 

Field tests can be 
conducted att 


of the pit 
Hand augers * Cost effec * Depth limited to about 6 m 
The auger is rotated by turning and e 
pushing down on the handlebar. e ples can be 
. lay deposit 
- 
a 


Power augers i limited to about 15 m. 
Truck mounted and equipped 
continuous flight augers that bo becomes difficult and 

a hole 100 to 250 mm in diameter. qui expensive 

Augers can have a solid Site must be accessible to 
stem. motorized vehicle 


Wash borir Depth limited to about 30 m 
Slow drilling through stiff 
clays and gravels 

Difficulty in obtaining accurate 
location of groundwater level 
Undisturbed soil samples 


cannot be obtained 












* Quick * Expensive equipment 
bit is pushed by th ight * Can drill through any type * Terrain must be accessible to 
of the drilling equipment an of soil or rock motorized vehicle 
tated by a motor. * Can drill to depths of 7500 * Difficulty in obtaining location 


m of groundwater level 
Undisturbed samples can Additional time required for 
easily be recovered setup and cleanup 


(a) 
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(b) 


FIGURE 2.30 A thin-walled tube and a split tube sam 


the soil and the sampling tube, the wall thick ing tube, the sharp- 
transportation of the 
should be pushed instead 
of driven into the ground. 
Sampling tubes that are i 
sampling disturbances. One 
the recovery ratio defined as 
the distance that the sa 
recovery ratio and great 
One common, type 
walled seamles 
(Fig. 2.30a). 
known as the 


ll thickness is 
ple and z is 


gth of 600-900 mm 
sampler, popularly 
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Atterberg limits 
water content, % 


Undrained 





Effective stresses 


Soil profile (kPa) 










WM, UE Gu 


m 
20 40 60 80 














Ground surface 


Clayey silt 


Sand and silt with silty 
| clay, stratifications 
| X Silt with silty clay 

: stratifications . 


Stratified silty clay 
and clayey silt 









a |Elevation, (m) 






olidation 


N stress (0) 






















-15 
-20 
-25 Silty clay 
(marine deposit) Initial 
-30 effective 
stress (¢',,) 


ample of a boring log. (Redrawn from Blanchet et al., 1980.) 


T 


2.14 SUMMARY 





We have dealt with a large body of basic information on the physical character- 
istics of soils and methods of soil exploration. A brief summary of what we cov- 
ered follows. Soils are derived from the weathering of rocks and consist of 
gravels, sands, silts, and clays in decreasing order of particle size. Soils are con- 
veniently idealized as three-phase materials: solids, water, and air. The physical 
properties of a soil depend on the relative proportion of these constituents in a 
given mass. Soils are classified into groups through their particle sizes and At- 
terberg limits. Soils within the same group are likely to have similar mechanical 
behavior and construction use. Flow of water through soils is governed by Darcy’s 
law. A soil mass can be made denser by removing the air constituents through 
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mechanical effort (compaction). The main physical parameters for soils are the 
particle sizes, void ratio, liquid limit, plastic limit, shrinkage limit, plasticity and 
liquidity indices, and the coefficient of permeability. Water can significantly 
change the characteristics of soils. 



















Practical Examples 
EXAMPLE 2.16 


An embankment for a highway 30 m wide and 1.5 m i 
to be constructed from a sandy soil trucked from a bo 
of the sandy soil in the borrow pit is 15% and its voi 
cation requires the embankment be compact 
Determine, for 1 km length of embankme 














(a) The weight of sandy soil from 
embankment. 


(b) The number of 10.0 m? 
construction. 


(c) The weight of wate 
(d) The degree of satur 


sandy soil required for the 


Strategy The 


Solution 2.1 


Step 1: late 





2: Determine the volum 


Volume o AYa)requires y y — 18 as x 19 


/ (Ya) borrow pit 15.7 
- 51.6 x10 m? 
Step 3: rmine the number of trucks required. 
3 
Number of trucks — TOR, a 5160 


10 
Step 4: Determine the weight of water required. 
Weight of dry soil in one truckload: W, = 10 x 15.7 = 157 kN 
Weight of water: wW, — 0.15 X 157 = 23.6 KN 
Step 5: Determine the degree of saturation. 


WG _ O15 X27 _ — 
aha a 0.59 = 59% "u 





EXAMPLE 2.17 


An earth dam requires 1 million cubic meters of soil compacted to a void ratio 
of 0.8. In the vicinity of the proposed dam, three borrow pits were identified as 
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Borrow pit Void ratio Transportation cost ($/m*) 


#1 1.8 $0.60 
#2 0.9 $1.00 
#3 1.5 $0.75 
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having suitable materials. The cost of purchasing the soil and the cost of exca- 
vation are the same for each borrow pit. The only cost difference is transportation 
cost. The table below provides the void ratio and the transportation cost for each 
borrow pit. Which borrow pit would be the most economical? 















Strategy The specific volume is very useful lem to find the desired 
volume of borrow pit material. 








Solution 2.17 


Step 1: Define parameters and¢ elevant equations. 
specific volume and void rz fhe compacted 
V; e; be the specific volu oid ratio of the soil fro 
pits, where i = 1 Now 











t V5, e, be the 
dam; and 
borrow 



















1st equation, we obtain 
V, — 1,555,555 m? 
1,055,555 m? 
1,388,888 m? 


portation costs. 


ransportation cost = Volume X $/m° 
Pit 1 = $933,333 

Pit 2 = $1,055,555 

Pit 3 = $1,041,667 





Borrow pit 1 is therefore the most economical. B 
EXERCISES 
Theory 
2. Prove the following relations: 
— Gy. 
(a) Ya = Tu * x 
b) S= wG,(1 — n) 


n 
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2.2 Show that 


pe PM (Ya)min [Can 
(Ya)max = (Ya)min Ya 


r 


2.3 Tests on a soil gave the following results: G, = 2.7 and e = 1.96. Mak lot of degree 
of saturation versus water content for this soil. 

















2.44 A spherical soil particle of radius r is settling in water, whic 
velocity, v. If the drag force for a sphere is 6mrnv, show that 


9n 


Km [n 


(Ys ~ Yw) 


where y, is the unit weight of the spherical soil p it weight of water and 


e body diagram (see Fig. 
eriving Stokes's equation.] 


Drag force 


Buoyant 
force 


FIGURE P2.4 


2.5 Apumptestis ca outt 


bearing V sho 
0 


bservatio 


f permeability of a confined water- 
ion for k is 








i Impervious 
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2.6 


2.7 


2.8 


2.9 


2.10 


2.12 
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Problem Solving 


Assume G, = 2.7, where necessary, for solving the following problems. 

















The mass of a sample of saturated soil 15 520 grams. The dry mass, aft n drying, 1s 
405 grams. Determine the (a) water content, (b) void ratio, (c) saturated unit weight, and 
(d) effective unit weight. 


A soil sample has a bulk unit weight of 19.6 kN/m? at a water 
the void ratio, percentage air in the voids (air voids), and tl 
sample. 


A saturated silty clay encountered in a deep excavation i |] t have a water content 
of 2395. Determine its porosity and bulk unit wei 


A wet sand sample has a volume of 4.64 X 
the weight reduces to 7.5 N. Calculate t 
saturation. 


error in the bulk 
saturated? 


A particle size analysis on i | el llowing data. Plot the particle size 
distributior i il Classification System. 


20 50 200 Pan 


).84 0.25 0.074 — 
2.6 6.8 2.1 





» obtained from sieve analyses and Atterberg limits of three 
rométer tests were conducted on the material that passed the 200 


Classify each o ils according to the USCS. 





Mass retained (grams) 


Sieve no. Opening (mm) Soil A Soil B Soil C 


4 4.75 0 0 0 
10 2.00 20.2 48.2 15 
20 0.85 25.7 19.6 98 
40 0.425 40.4 60.3 90 

100 0.15 18.1 37:2 182 
200 0.075 27.2 22.1 109 


Pan 68.2 6 
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2.4 The following results were obtained from a liquid limit test on a clay using the Casagrande 
cup device. 


Number of blows 6 12 20 28 32 
Water content (%) 52.5 47.1 43.2 38.6 37.0 


















(a) Determine the liquid limit of this clay. 


(b) If the natural water content is 38% and the plastic limit i 
index. 


(c) Do you expect a brittle type of failure for this soil? W 


liquidity 


2.15 A fall cone test was carried out on a soil to det 
cones of masses 80 grams and 240 grams. The fe 


= 


AP Loe 5 1 


nd plastic limit using 
were obtained: 


Penetration (mm) 
Water content (95) M 1 








Determine the liquid and pl istic 





2.16 A^, B, and C for the 
it a$ datum. Hint: You need 
2.17 ili 3 : cm long and 8 cm in diameter 


e head difference in two manometers 
ively, from the bottom of the sample is 
itv of the sand. 


est was carried out on a clay soil of diameter 100 mm and 
nutes the head in the standpipe of diameter 5 mm dropped from 
te the coefficient of permeability of this clay. 





C Exit Datum 


FIGURE P2.16 
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2.20 


2.21 
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FIGURE P2.20 


Calculate the equivalent coefficient of permeabili tical direction for the soil 


profile shown in Fig. P2.20. 


A pumping test was carried out to deter 
20 m thick overlying impermeable clay. The 
107° m?/s. Drawdowns in the observe 
of the pumping well were 2.1 m 2 
at 3.2 m below the ground surface. f 
effective grain size using Hazen’s equa 


The following data were C a om à Proctor test: 





Water content (95 


Weight of wet sample (N) 


onstructed at an optimum water content of 1696. 
be attamed. Calculate the volume of soil that will 


unit weight of 19 KN/m? and optimum water content of 11.596. The bulk unit weight and 
water content of the soil in the borrow pit are 17.2 kN/m? and 8.295, respectively. A 
highway fill is to be constructed using this soil. The specifications require the fill to be 
compacted to 95% Proctor compaction. 


(a) How many cubic meters of borrow pit material is needed for 1 cubic meter of highway 
fill? 

(b) The water content at 95% compaction is 11% on the dry side and 12% on the wet 
side of the compaction curve. What is the minimum additional weight of water per 
unit volume to achieve 95% Proctor compaction? 

(c) If the soil were expansive, what is the additional weight of water per unit volume to 
achieve 9595 Proctor compaction? 

(d) How many truckloads of soil will be required for a 100,000 m? highway embankment? 
Each truck has a capacity of 10 m?. 


2.25 
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(e) Determine the cost for 100,000 m? of compacted soil based on the following: 
purchase and load borrow pit material at site, haul 2 km round trip, and spread with 
200 HP dozer — $25/m?; extra mileage charge for each km — $3.10/m^; round trip 
distance = 10 km; compaction = $1.02/m’. 












The highway embankment from Noscut to Windsor Forest, describe > sample prac- 
tical situation, is 10 km long. The average cross section of the embankment is shown in 
Fig. P2.25a. The gradation curves for the soils at the two borr are shown in Fig. 
P2.25b. Pit 1 is located 5 km from the start of the embankme ile pitz i 
Estimated costs for various earthmoving operations are shown elow. You 
are given 10 minutes by the stakehoider’s committee to pre ommendations. 
Prepare your presentation. The available visual aid equipment consists of an overhead 
projector and an LCD projector. 






Pit 1 Pit 2 






Operation 








18/m? 






Purchase and load borrow pit materia ul 2'km $15/m 
round trip, and spread with 200 HP d 


Extra mileage charge for each km 


Compaction 
ZN | 


Miscellaneous 





$0.50/m? $0.55/m? 
51.02/m? $1.26 
5130/m? $0.85/m? 






















Finished grade 








Pbéer-ideea4s irr 


Particle size (mm) — logarithmic scale 


FIGURE P2.25b 
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Cross section a-a. 
FIGURE P2.26 


2.26 An excavation is p Wer as shown in Fig. 

P2.26. It is expect i will come through the silt 
f 5.2 X 107° cm/s in the 
silt layer. The exca the quantity of flow (Q) into the 


excavation 
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elastic, rigid bodies by extern: lastic, rigid 
bodies, so the determination : icularly dif- 
ficult task. You may hy do I have 


to study elastic meth 
of elastic analysis is 


Young's modi 
tropic elastic tn 
predict a soil's 










ad) must be within tolerable limits. We 
'orking loads to be elastic so that no per- 
o calculate the elastic settlement, we have to 
ple, in designing foundations on coarse-grained 
that the settlement is elastic and we then use elastic 





An important task of a geotechnical engineer is to determine the stresses 
and strains that are imposed on a soil mass by external loads. It is customary to 
assume that the strains in the soils are small and this assumption allows us to 
apply our knowledge of mechanics of elastic bodies to soils. Small strains mean 
infinitesimal strains. For a realistic description of soils, elastic analysis is not sat- 
isfactory. We need soil models that can duplicate the complexity of soil behavior. 
However, even for complex soil models, an elastic analysis is a first step. 

In this chapter, we will review some fundamental principles of mechanics 
and strength of materials and apply these principles to soils as elastic porous 
materials. This chapter contains a catalog of a large number of equations for soil 
stresses and strains. You may become weary of these equations but they are 
necessary for the analyses of the mechanical behavior of soils. You do not have 
to memorize these equations except the fundamental ones. 
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When you complete this chapter, you should be able to: 


















and strains in soils (assuming elastic behavior) from 


enteral loads 
è Determine stress states 





* Determine. dns Feats 
* Calculate elastic settlement 


You will use the following principles le statics and strength of 
materials: 


* Stresses and strains 
* Mohr's circle 
* Elasticity—Hooke's law. 


layer of stiff saturated clay 
designing the pipe works, 
they are completely filled. 





FIGURE 3.1 The “kissing” silos (Rozozuk, 1976, | permission from National 
Research Council of Canada). 
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the tanks be as close as possible to each other. If two separate foundations are 
placed too close to each other, the stresses in the soil induced by each foundation 
overlap and cause intolerable tilting of the structures and their foundations. An 
example of tilting of structures caused by stress overlap is shown in Fig. 3.1. 
These silos tilted toward each other at the top because stresse 
overlap at and near the internal edges of their foundations. The foundations are 
too close to each other. 















3.1 DEFINITIONS OF KEY TERMS 





Stress or intensity of loading is the load per unit a amental definition 


in the voids. 


Strain or intensity of deformi 
the original dimension or the fe 


Mean stress, 
stresses in th 


aterial properties are different in different directions 


and also the loadin different in different directions. 


Elastic materials are materials that return to their original configuration on un- 
loading and obey Hooke’s law. 


3.2 QUESTIONS TO GUIDE YOUR READING 





1. What are normal and shear stresses? 
2. What is stress state and how ts it determined? 
3. Is soil an elastic material? 


4. What are the limitations in analyzing soils based on the assumption that 
they (soils) are elastic materials? 
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5. What are shear strains, vertical strains, volumetric strains, and deviatoric 
strains? 

6. How do I use elastic analysis to estimate the elastic settlement of soils and 
what are the limitations? 














7. What are mean and deviatoric stresses? 


8. What are the differences between plane strain. a 
conditions? 


9. How do I determine the stresses and strains/di 
soil mass by external loads? 
10. What is effective stress? 
11. Is deformation a function of effective 
12. What is a stress path and its signi 


(3.1) 
ube compressed by Ax, Ay, and 


these directions, assuming they 


(3.2) 


(3.3) 


4 


ra 





i 





FIGURE 3.2 Stresses and displacements due to applied loads. 
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3.3.3 Shear Stresses and Shear Strains 


Let us consider, for simplicity, the XZ plane and apply a force F that causes the 
square to distort into a parallelogram as shown in Fig. 3.3. The force F is à 
shearing force and the shear stress is 










3.4) 






| ring 
forces, If the horizontal displacement is Ax, the shear strai > shear strain, 


Yee IS 


For small strains, tan Y, = 


If the shear stress on a plane is zero, 
principal stress. We will diseuss 


FIGURE 3.3 Shear stresses and shear strains. 
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What's next...What happens when we apply stresses to a deformable material? 
From the last section, you may answer that the material deforms, and you are ab- 
solutely correct. Different materials respond differently to applied loads. Next, we 
will examine some typical responses of deformable materials to applied loads to 
serve as a base to characterize the loading responses of soils. 















@ 3.4_ IDEALIZED STRESS-STRAIN RESPONS 
AND YIELDING 





3.4.1 Material Responses to Norm 
Unloading 


If we apply an incremental vertical loa 





e Original radius. The ratio of the radial 
is called Poisson’s ratio, v, defined as 


(3.9) 


fc, — X Ac, versus £, — X Ae,. If forequal increments 
value of Az, then we will get a straight line in the graph 
n by OA in Fig. 3.5. If at some stress point, say, at A (Fig. 


AP 


Original 
configuration 
Ar 
Deformed 
configuration 


FIGURE 3.4 Forces and displacements on a cylinder. 
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TABLE 3.1 Typical Values of 
Poisson's Ratio 
































Soil type Description v^ 

Clay soft 0.35-0.40 
Medium 0.30-0.35 
StiH 0.20-0.30 

Sand Loose 0.15-0.25 
Medium 0.25-0.30 
Dense 0.25-0.35 


"These values are effective values, v' (see 
discussions later in this chapter, Sections 
3.12 and 3.13). 


terial comprising the cylinder is called.a 


relationship will be a curve as illus 
material comprising the cy 
apply a load P, that causes a 
load P; that causes a 
Az». Elastic materi 
hen P, but the final 


irn to their original config- 
rain relationship similar to that 
response, AB the unloading re- 
? Strains that occur during loading, 
recoverable part, BD, and a ponr or 






p. They exhibit 
here OA is the 













Linearly elastic Slope is £,, the tangent 


elastic modulus 
Slope 1s E, 
the initial 


b 
w | ele 
vm Nonlinearly elastic 
o 
Slope 15 E,, the secant 
elastic modulus 
o Strain (&,) 


FIGURE 3.5 Linear and nonlinear stress-strain curves of an elastic material. 
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Slope is E, the initial tangent elastic modulus 



















Elastic response 
during unloading 


Stress 





ð- Bc D Strain 
"- Plastic ----Elastic 


FIGURE 3.6 ldealized stress-strain curves o 


called the yield stress. 
The elastic modulus or in 


material either the tangen 
determined from the stress 
ulus is the slope 
The secant elasti 
desired stress-st 















rigin (0, 0) to some 
or example, som refer to determine the 
oint on the-stress- in curve ee to the 






correspond} 
modulus a S are 
.Iti is customary to determine the initial tangent 
aterial by unloading it and calculating the 
initial tangent elastic modulus (Fig. 3.6). 


Initial tangent shear modulus, G; 
Tangent shear modulus, G, 





Secant shear modulus, G 





Yu 
FIGURE 3.7 Shear stress-shear strain response of an elastoplastic material. 
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Yield surface 


. Elastoplastic 













03 


(a), 


(a) (5] 
FIGURE 3.8 Elastic, yield, and elastoplastic stress states. 


(G) is the slope of a line from the desired shear 
origin of the t,, versus y,, plot (Fig. 3.7). 


3.4.3 Yield Surface 


Let us, for siesta, set g4 t i | terial, will yield at 
some value of oj, W Fig. 3.8b. If, 
alternatively, we s lyield at (04), and 
is represented by p “tthe cylinder to various 
combinations of un points. Linking the yield 

elc curve or yield sui Jaor: as 










aterial undergoes both elastic (recoverable) and 
deformation during loading. 
2. Soils are » tToplastic materials. 


3. At small strains, soils behave like an elastic material and thereafter 
like an elastoplastic material. 


4. The locus of the stresses at which a soil yields is called a yield surface. 
Stresses below the yield stress cause the soil to respond elastically; 
stresses beyond the yield stress cause the soil to respond 
elastoplastically. 






What's next...Jn the next two sections, we will write the general expression for 
Hooke's law, which is the fundamental law for linear elastic materials, and then con- 
sider two loading cases appropriate to soils. 
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3.5 HOOKE'S LAW 





3.5.1 General State of Stress 








ie elastic parameters. Only two 

are required to solve problems deal- 
ials. We can calculate G from Eq. (3.12), if E and 
ils is not easy to determine and a direct way 


ear moduli for soils depend on the stress history, direction 
nitude of the applied strains. In Chapter 5, we will study 
a few tests tha ed to determine E and G and, in Chapter 6, explore the 
details of the use of E and G in soil analyses. Typical values of E and G are 
shown in Table 3.2. 


| y 
FIGURE 3.9 General state of stress. 
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TABLE 3.2 Typical Values of E and G 





Soil type Description E" (MPa) G* (MPa) 
















Clay Soft 1-15 0.5-5 
Medium 15-30 5-15 
Stiff 30-100 15-40 

Sand Loose 10-20 5-10 
Medium 20-40 10-15 
Dense 40-80 15-35 


"These are averägë secant elastic moduli for the drained 
condition (see discussions later in this chapter, Sections 
3.12 and 3.13). 


3.5.2 Principal Stresses 





If the stresses applied to a soil are then Hooke's law reduces 


to 








(3.13) 


The matrix on the 
The inverse of Eq. 


> compliance matrix. 


(3.14) 


strains; or if y strains, E, and v, you can use Eq. (3.14) to calculate 
stresses. 





3.5.3 Displac ints from Strains 
and Forces from Stresses 


The displacements and forces are obtained by integration. For example, the ver- 
tical displacement, Az, is 


(3.15) 


where dz is the height or thickness of the element and dA is the elemental area. 





and the axial force is 
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The essential points are: 
1. Hooke's law applies to a linearly elastic material. 


2. As a first approximation, you can use Hooke's law to calc 
stresses, strains, and elastic settlement of soils. 

3. For nonlinear materials, Hooke's law is used with 
elastic modulus (tangent modulus or secant modu 
tions are done for incremental increases in s 






















ecome complicated 
technical problems 
eters. In the next sec- 
and strain states of soils. 


What's next ...The stresses and strains in three 
when applied to real problems. For practical pur 
can be solved using two-dimensional stress a 
tion, we will discuss two conditions that simplify 


3.6 PLANE STRAIN AND A 
SYMMETRIC CONDITIONS 


3.6.1 Plane Strain » 


There are two conditions of stresses and strains that axe compion in geotechnical 


rain in one direction 





ince we are considering principal 
d Z directions as 3, 2, and 1 directions. In the 
ction (2 direction) is the zero strain direction 
oke’s law for a plane strain condition is 


«v 





E [((1 — v)o, — vos] (3.17) 
Tu 
E 





((1 — v)o3 — voy] (3.18) 


Retaining wall 


Z (1) 


Y (2) 





X (3) 
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and 





9; 7 v(oi * 93) | (3.19) 


In matrix form, Eqs. (3.17) and (3.18) become 







axisymmetric condition where two st 
tank or an oil tank founded on a sôi 








symmetry. The oil tank will unifor ici i tréss at the soil 
surface and the soil ele ject crease, stress, Ao, 


= Ao,, and an inert | = Ao, = Ao. a soil element 
under the edge of the tank | ition? The answer is 
no, since the stre | ` theat e all different; there is no 
symmetry. 


Hooke 


(3.22) 


(3.23) 


(3.24) 


FIGURE 3.11 Axisymmetric condition on a soil element under the center of a 
tank. 
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The inverse of Eq. (3.24) gives 


fal- E | — y 2v 
| (05 (1 v(1- 2v) v 1 

















The essential points are: | 
I. A plane strain condition is one in which the strain in 
rections is zero or small enough to be neglected. 
2. An axisymmetric condition is one in which t 


EXAMPLE 3.1 


| , calculate 
the increase in stresses imposed. If stresses 
you calculate are the avera 


unit length of wall. 





Strategy You wi 
axisymmetric con 
to find the increas 






]-03 03 || saa 
03 1-—03]|l-0.001 


Ao, — 9615.4((0.7 x 0.0005) + [0.3 x (—0.001)]} = 0.5 kPa 
Ao, = 9615.4{(0.3 x 0.0005) -- [0.7 x (—0.001)]] = —S.3 kPa; 
the negative sign means reduction 


Calculate the lateral force per unit length. 


Ag; - Ac, 


6 
AP, — Í Ac, dA — a 5.3 (dx X 1) = —[5.3x]$ = -31.8 kN/m g 


EXAMPLE 3.2 


An oil tank is founded on a layer of medium sand 5 m thick underlain by a deep 
deposit of dense sand. The geotechnical engineer assumed, based on experience, 
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FIGURE E3.2 







appropriate equati 
to calculate the set 


Step 1: 
St 








a 1 -06][s0 
20x10 |-03 071l20 


1 x 50 — 0.6 x 20] = 1.9 x 10° 





sed 
20 x 10? 


z i = -3 
As = zg x qg 1703 X 50 + 0.7 x 20] 5x10 


Ag, — 


Step 4: Calculate vertical displacement. 


Ag, = 


Az = lios -[L9x10?:5-95x107m-95mm 


What's next . ..We have used the elastic equations to calculate stresses, strains, and 
displacements in soils assuming that soils are linear, isotropic, elastic materials. 
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Soils, in general, are not linear, isotropic, elastic materials. We will briefly discuss 
anisotropic, elastic materials in the next section. 






3.7 ANISOTROPIC ELASTIC STATES 





if 













Anisotropic materials have different elastic parameters 1 
Anisotropy in soils results from essentially two causes 


ich the soil is formed. A 
| tal plane is a 


special fort of structural anisotróp 
| Opy, transverse 


plane of isotropy. We call th 
anisotropy. 


2. The difference in stresses in t 
induced anisotropy. 


n as stress- 


strength 
soil in the 
tained in t 











e similar to the response ob- 
at a soil mass will, in general, 


e first letter in the double subscripts denotes the 
:cond letter denotes the direction of measurement. 
oisson's ratio determined from the ratio of the strain 
| (X direction) to the strain in the vertical direction (Z 
direction) with ad applied in the vertical direction (Z direction). 

In the laboratory, the direction of loading of soil samples taken from the 
field is invariably vertical. Consequently, we cannot determine the five desired 
elastic parameters from conventional laboratory tests. Graham and Houlsby 
(1983) suggested a method to overcome the lack of knowledge of the five desired 
elastic parameters in solving problems on transverse anisotropy. However, their 
method is beyond the scope of this book. 

For axisymmetric conditions, the transverse anisotropic, elastic equations 





are 


(3.26) 
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where the subscript z denotes vertical and r denotes radial, By superposition, v,./ 
v., = E,/E,. 


= L 
e wn 


e mksc o a A 
CFU V. Wan 
FEF Fa FFE 








EXAMPLE 3.3 


Redo Example 3.2 but now the soil un 
material with E, = 20 MPa, , 25 MPa 


Strategy The soluyon of 
(3.26). 





1 -2x015} 





4| 20 25 
-0.12 (1 — 0.3) 
20 25 


The solution is €. — 2.26 X 107? = 0.2396 and e, = 0.26 x 107% = 
0.03%. 


Determine vertical displacement. 
5 
Az = f £, dz = [2.26 x 107z = 11.3 xX 10? m = 11.3 mm 


The vertical displacement in the anisotropic case is about 19% more 
than in the isotropic case (Example 3.2). Also, the radial strain is 
tensile for the isotropic case but compressive in the anisotropic case 
for this problem. E 
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What's next...We now know how to calculate stresses and strains in soils if we 
assume soils are elastic, homogeneous materials. One of the important tasks for 
engineering works is to determine strength or failure of materials. We can draw an 
analogy of the strength of materials with the strength of a chain. The chain is only 
as strong as its weakest link. For soils, failure may be initiated at a poil in a soil 
mass and then propagate through it; this is known as progressive failure. The stress 
state at a point in a soil mass due to applied boundary forces may 
strength of the soil, thereby initiating failure. Therefore, as engine 
know the stress state at a point due to applied loads. We will discuss st 
using your knowledge in strength of materials. 





















ess state next 


a 3.8 STRESS AND STRAIN STATES 
3.8.1 Mohr's Circle for Stre 


Suppose a cuboidal sample of se 
We would like to know what the str 
due to the applied stresse 
stress state at A, 1s to use 





sign convention. We 
e positive for soils. We will 







ese two coérdinates on a graph of shear stress 
issa) as shown by A and B in Fig. 3.12b. Draw 


Plane on which the 
major principal stress 


(a) (b) 
FIGURE 3.12 Stresses on a two-dimensional element and Mohr's circle. 
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and 3. The stresses at these points are the major principal stress, a,, and the 
minor principal stress, c. 
The principal stresses are related to the stress components c,, Oy, Tz; DY 








IS 





£ 
tan yj — 
g, — A 


| The stresses on a plane oriented at ait ang o thë major principal stress plane 
are 

| 

| 
















+ - cos 28 (3.30) 

1 (3.31) 
The stresses on a platie oriented at an an th iere plane are 

cos 20 + 7., sin 28 (3.32) 

(3.33) 







equations, 9 Is posit „fot clockwise orientation. 
é maximum shea is at the top of the circle with magnitude 


(3.34) 


For the stresses Fig. 3.9, we would get three circles but we have sim- 
plified the problem otting one circle for stresses on all planes perpendicular 
to one principal direction. 

The stress g, acts on the horizontal plane and the stress g, acts on the 
vertical plane for our case. If we draw these planes in Mohr's circle, they intersect 
at a point, P. Point P is called the pole of the stress circle. It is a special point 
becausc any line passing through the pole will intersect Mohr's circle at a point 
that represents the stresses on a plane parallel to the line. Let us see how this 
works. Suppose we want to find the stresses on a plane inclined at an angle 6 to 
the horizontal plane as depicted by MN in Fig. 3.12a. Once we locate the pole, 
P, we can draw a line parallel to MN through P as shown by M'N' in Fig. 3.12b. 
The line M'N' intersects the circle at N' and the coordinates of N', (os, 75). 
represent the normal and shear stresses on MN. 
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Step 5: Determine WV. 
Draw a line from P to o, and measure the angle between the 
horizontal] plane and this line. 













Y = 22.5° 
Alternatively, the angle AOC = 2W = 45° 
= 22> 
Step 6: Determine the stresses on a planc inclined at. 
principal stress plane. 
Draw a line M'N' through P with an inclination of the major 


principal stress plane, angle CPN’. 
(470, 120). 








Alternatively: 


Step I: Use Eqs. (3.27) to (3.29 


s next . . .The stresses We have calculated are for soils as solid elastic materials. 
e have not accounted for the pressure within the soil pore spaces. In the next 
section, we will discuss the principle of effective stresses that accounts for the pres- 
sures within the soil pores. This principle is the most important principle in soil 
mechanics. 


Y 3.9 TOTAL AND EFFECTIVE STRESSES 
3.9.1 The Principle of Effective Stress 


The deformations of soils are similar to the deformations of structural framework 
such as a truss. The truss deforms from changes in loads carried by each member. 
If the truss is loaded in air or submerged in water, the deformations under a given 
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External force 
or total stress 





Internal resistance 
from water or pore 


ee 


4 


water pressure 
Contact area 
Internal resistance from 
solids or effective stress 




















g Plane on which effective 
stress is calculated 


FIGURE 3.14 Effective stress. 


load will remain unchanged. Deformations he fruss. a 


drostatic pressure. The same is true for soils. 


independent of hy- 





c, applied on the horizontal bound: 
the total stress and for equilibrium ( 
must be equal and opposite to.c 
a combination of the stresses fr« 
water in the pores, called 
by a prime (') followi 
equation is 


so that 








ciple of effective stresses applies only to nor- 
esses. The pore water cannot sustain shear 


stress is not the co tress between the soil solids. Rather, it is the average 
stress on a plane through the soil mass. 

Soils cannot sustain tension. Consequently, the effective stress cannot be 
less than zero. Pore water pressures can be positive or negative. The latter is 
sometimes called suction or suction pressure. 

For unsaturated soils, the effective stress (Bishop et al., 1960) is 


64) 


where u, is the pore air pressure, u,, is the pore water pressure, and x is a factor 
depending on the degree of saturation. For dry soil, x = 0; for saturated soil, 
x = 1. Values of x for a silt are shown in Fig. 3.15. 

To determine the effective stress in a soil mass, the pore water pressure 
must be known. The pore water pressure at a particular point in a soil mass is 
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Degree of saturation (%) 
FIGURE 3.15 Values of y for a silt at diff 


by piezometers (Fig. 3.17 
through a porous material al 
gauge is attached. P 
The pore water | 
and measuring 
ezometers are po 










known pressures 
It heatstone bridge. Pi- 
ze.of water. In a simple piezom- 








] mass not subjected to external loads is found from 
yil and the depth of groundwater. Consider a soil element 


Y 


Diaph 
See Porous element 





FIGURE 3.16 Schematic of a pore 
water pressure transducer. FIGURE 3.17 Piezometers. 
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Ground level Y GWL = Groundwater level Ground level 

21 ' y | | £ 
BENDES Tr 

clos. dat | | | | 

| - r : Ya 


la) (b) 


FIGURE 3.18 Soil element at a depth z with groundwater | 
and (b) below ground level. 


nd level 


r level (GWL) is at 


é | (3.41) 


(3.42) 


at a depth z below the ground surface ani 
ground surface (Fig. 3.18a). The total vertica 


Á 
KA 
The pore water pressure is 


and the effective stressis 
(3.43) 
g. 318b), then 


= le z) 





In silts and fine soil above the groundwater can be saturated by cap- 
illary action. You ave encountered capillary action in your physics course 
when you studied menisci. We can get an understanding of capillarity in soils by 
idealizing the continuous void spaces as capillary tubes. Consider a single ideal- 
ized tube as shown in Fig. 3.19. The height at which water will rise in the tube 
can be found from statics, Summing forces vertically (upward forces are nega- 
tive), we get 






=F, = weight of water — the tension forces from capillary action 
that is, 


a 
= zy,—- TdT cosa — 0 (3.44) 
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Pore water pressure Idealizatian 
distribution 


FIGURE 3.19 Capillary simulation ir 


Solving for z,, we get 
(3.45) 


where T 1s the surface tensior oth is the contact angle, z, 
1s the height of : | tube representing the 
diameter of the Xt water is 0.073 N/m and the 
is 0. Since T, a, and y, are 


(3.46) 


t the smaller the soil pores, the higher the 
fine sands will be larger than for medium 


the pore water pressure is zero and decreases (becomes 
negative) as e up the capillary zone. The effective stress increases 
because the po ater pressure is negative. For example, for the capillary 
zone, Ze, the pore water pressure at the top is —z,y, and the effective stress is 
c= o> (7E) =O F Ziyu 

The approach we have taken to interpret capillary action in soils is simple 
but it is sufficient for most geotechnical applications. For a comprehensive treat- 
ment of capillary action you can refer to Adamson (1982). 






3.9.4 Effects of Seepage 


In Section 2.9, we discussed one-dimensional flow of water through soils. As 
water flows through soil it exerts a frictional drag on the soil particles resulting 
in head losses. The frictional drag is called seepage force in soil mechanics. It is 
often convenient to define seepage as the seepage force per unit volume (it has 





| 3.9 TOTAL AND EFFECTIVE STRESSES 105 


la) Downward seepage (b) Upward seepage 
FIGURE 3.20 Seepage in soils. 










units similar to unit weight), which we will deno ad loss over a 


flow distance, L, is Ah, the seepage force is 


If seepage occurs downward 
the same direction as the gravitational eff 
the resultant vertical effective stress is 


| s: ÀY Pig 


[f seepage occurs upwards (Fig. 3.20b), then the seepag 
posite direction to tlie gravitational effective stréssi 
resultant vertical effective stress is 


= ines — E 


ay a very import ein destabilizing geotechnical 
Wall, shown in Fig. 3.21, depends 










! are in the op- 
tatic equilibrium the 














(3.49) 


















Seepage 
structures. For 


e wall, which is resisted by an inward 
ht side of the wall. If a steady quantity 
Of the wall, for example, from a busted water 
> left side to the right side of the wall. The path 
depicted by AB in Fig. 3.21 and as water flows 


FIGURE 3.21 Effects of seepage on the effective stresses near a retaining wall. 
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are in the direction of the gravitational stresses. The effective stress increases 
and, consequently, an additional outward lateral force is applied on the left side 
of the wall. On the right side of the wall, the seepage stresses are upward and 
the effective stress decreases. The lateral resistance provided by the:embedment 
Is reduced. Seepage stresses in this problem play a double rolé (increase the 











The essential points are: 
1. The effective stress represents the average ( the soil sol- 
ids and is the difference between the t : 
pressure. 
shear stresses. 
. Deformations of soils are. 


res increases 


; upward 





w 


_ G, + Se JG, + w) 
146 J^" lt+e 





03x27 
Se = wG, ..e- Ee 1.35 
2.7(1 + 0.3) " 
= Ju M m : 
y 14 135 9.8 — 14.6 kN/m 


Below groundwater level 
Soil is saturated, S = 1 
e = wG, = 0.4 X 2.7 = 1.08 


_ {Gre _ (2.7 + 1.08 E ^ 
Ysar = ( TT Je EE Cun 1 108 js — 17.8 kN/m 
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SS Eee m 










FIGURE E3.5 


Step 2: Calculate the effective stress. 


Total stress: o = 2y + 
Pore water pressure: 
Effective stress: 


Alternatively, 


ao’ = 2y + 3(y, 


A borehole ¢ 
bution. of tota 









sses. You äre given that the 1.0 m of fine sand above 
ed by capillary action. Therefore, the pore water 


salid saturated by capillary action 
D, W = 1296 


| Soft blue clay, w = 2896 
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Solution 3.6 
Step 1: Calculate the unit weights. 
0-2 m 












S = 40% = 0.4; w = 0.05 
wG, 0.05 X 2.7 
e= 3 = 04 = ().34 
i G,(1 + w) _ 2.7(1 + 0.05) 


ite "^ 1403 °° 

























2-5.4 m 
Sait w= 072 
e = wG, = 0.12 X 2.7 = 082 
Ea 
Ysat 1 die Yw 
5.4-20.6 m 
Step 2: Calculate the stresses usi > a Spreadsheet program. 
Depth Thickness » / o'=a-U 
(m) i FW u (kPa) (kPa) 
(M v, 
2 2 20.7 x24 M at MEAE TR 51.6 
1 41.4 + 1 = 63.8 63.8 
2.4 63.8 i .4 — 117.6 D 4 X 9.8 = 23.5 94.1 
15.2 303 x 15322 = 411 23.5 + 15.2 X 9.8 = 172.5 238.5 










or 17.6 X 9.8 = 172.5 











Plot the'stresses versus depth—see Fig. E3.6b. 


y" 3: 


039 O 50 1QC ES 30 300 350 400 450 


iN 
Effective vertical stress 
NC 
Total vertical stress. 
g NS dL 
JUAN TN 








20 





Pore water pressure 






25 
FIGURE E3.6b 
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FIGURE E3.7 


EXAMPLE 3.7 


Water is seeping downward through a soi 
piezometers (A and B) located 2 m ap 
m. Calculate the resultant vertical e 


Solution 3.7 
Step 1: Fin 


ateral stresses. Next, we will introduce an equation 
lateral effective stresses. 






3.10 LATERAL EARTH PRESSURE AT REST 





The ratio of the horizontal principal effective stress to the vertical principal ef- 
fective stress is called the lateral earth pressure coefficient at rest (K,), that is, 


K,=— (3.50) 


The at-rest condition implies that no deformation occurs. We will revisit the at- 
rest coefficient in Chapters 5, 6, and 10. You must remember that K, applies only 
to effective not total stresses. To find the lateral total stress, you must add the 
pore water pressure. Remember that the pore water pressure is hydrostatic and, 
at any given depth, the pore water pressures in all directions are equal. 
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EXAMPLE 3.8 


Calculate the lateral effective stress and the lateral total stress for the soil element 
at 5 m in Example 3.5 if K, = 0.5. 


Strategy The stresses on the horizontal and vertical planes on the soil element 
are principal stresses (no shear stress occurs on these planes). You need to apply 
K, to the effective stress and then add the pore water pressure to get the lateral 
total stress. 


Solution 3.8 
Step 1: Calculate the lateral effective stress 


a= — A 0o ——- 


atic stresses and 
ses imposed on 
dditional stresses from 











when we considered elasti 
the soil were given. But i 















3.11 STRESSES IN SOll 
FROM SURFACE LOAL 


P 





Various types:of surface loads are applied to soils. For example, an oil tank will 
impose aguniform, @irowlar, vertical stress on the surface of the soil while an 
uns etrical building may impose a nonuniform vertical stress. We would like 
how the surface stresses are distributed within the soil mass and the 
formations. The distribution of surface stresses within a soil is deter- 


ing that the soil is a semi-infinite, homogeneous, linear, isotropic, 













all other directions; this is also called an “elastic half-space.” For soils, 
izontal surface is the bounding side. Equations and charts for several types 
of surface loads based on the above assumptions are presented. A computer 
program to compute stresses from surface loads is available in the CD ROM. 

Most soils exist in layers with finite thicknesses. The solution based on a 
semi-infinite soil mass will not be accurate for these layered soils. In Appendix 
B, you will find selected graphs and tables for vertical stress increases in one- 
layer and two-layer soils. A comprehensive set of equations for a variety of load- 
ing situations is available in Poulos and Davis (1974). 
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3.11.1 Point Load 


Boussinesq (1885) presented a solution for the distribution of stresses for a point 
load applied on the soil surface. An example of a point load is the vertical load 
transferred to the soil from an electric power line pole. 
The increases in stresses on a soil element located at 
due to a point load, Q, are 





intA (Fig. 3.22a) 


do, = 5 (-—— 1 2) (3.51) 
























-Q( 3 
Ac, Far (o + zy (3.52) 
(3.53) 
(3.54) 
where v is Poi ratio; Most often, the incréase in Vertical stress is needed in 
practice. Equátion (3.51) ¢an be written as 
(3.55) 
(3.56) 





o = se in vertical stress from Eg. 3.55 reveal that the 
2creases with depth (Fig. 3.22b) and radial distance 


| of the in 








Constant depth 


Depth 


(b) lc) 


FIGURE 3.22 Point load and vertical stress distribution with depth and radial 
distance. 
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Line load, Q (force/m) Line load, Q (force/m) 






^ 4G, 
: -- 
br 


(a) 












FIGURE 3.23 (a) Line load and (b) line load near a rete wall. 
3.11.2 Line Load | 
With reference to Fig. 3.23a, the increasés ir lue to a line 
length). are | 
1.57) 
(3.58) 
(3.59) 


ac) Irom | ong brick wall. 


oad 


(3.60) 


(3.61) 


load is the load transmitted by a structure of finite width and infinite 
length on a soil surface. Two types of strip loads are common in geotechnical 
engineering. One is a load that imposes a uniform stress on the soil, for example, 
the middle section of a long embankment (Fig. 3.24a). The other is a load that 
induces a triangular stress distribution over an area of width B (Fig. 3.24b). An 
example of a strip load with a triangular stress distribution is the stress under the 
side of an embankment. 
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(force/4rea) 


FFH 













rce on a retaining wall 


ress q, (force/area) are as follows: 


ss (Fig. 3.24a) 





(3,62) 
(3,63) 
| Ate = 2: [sin a sin(a ^ 28)] | (3.64) 
where q, is the applied surface stress. m 
(b) Area transmitting a triangular stress (Fig. 3.24b) 
(3.65) 
) (3.66) 


(3.67) 
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(c) Area transmitting a uniform stress near a retaining wall (Fig. 3.24c,d) 





Ag, — zt (B — sin B cos 2a) (3.68) 


The lateral force and its location were derived by Jarquio (1981) and are 





p AP, = £ op Ue (6; — 6,)] (3.69) 


where 


3.11.5 Uniformly | 


An example of a ci 
foundation of an oil or 
under the cente 








ass is a circular 
tical and radial stresses 












. The incre: 


| ases oO 
"area of radius 


, are 





(3.71) 






1 
Been: rad 








where D = 2r, is the diameter of the loaded area. 
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3.11.6 Uniformly Loaded Rectangular Area 


Many structural foundations are rectangular or approximately rectangular in 
shape. The increases in stresses below the corner of a rectangular arca of width 
B and length L are 





(3.75) 
(3.76) 
(3.77) 


(3.78) 


where R, = (L? + zR, 
These equations urs rittt 


(3.79) 
(3.80) 
(3.81) 


(3.82) 


ice factor. The influence factor for the vertical stress 


(3.83) 
where m — Biz and n — L/z. You can program your calculator or use a spread- 
sheet program to find /,. You must be careful in the last term (tan^!) in pro- 
gramming. If m? m^ -* 1 « m^m, then you have to add v to the bracketed 
quantity in the last term. A chart for /, produced by a spreadsheet program is 
shown in Fig. 3.25. You would have to calculate m = B/z and n = L/z and read 
I, from the chart; m and 5 are interchangeable. In general, the vertical stress 
increase is less than 10% of the surface stress when z > 3B. 

The vertical elastic settlement at the ground surface under a rectangular 
flexible surface load is 


denotes the 


















Tigi mim +n +l 
n um———— ———]B — Re 
Vor 4 m — mm» + 1 


m+n? +2 
m+n +l 






(3.84) 
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FIGURE 3.25 Influence factor for calculating 
the corner of a rectangle. 


where 7, is a settlement influence facto 
length and B is width). Setting £, / 


orti 2SS increase u 
i : t $ x 
Bs theequations for /, are 
At center of a rectangle (Giroud, 19€ > 


ig Jo NS) 


At corner of a rect angle (Gifoud, 1968): // Gi Gifoud, angle (Gifoud, 1968): // 


Reet 


The above equatiofis can be sim ified tothe Ne following for & = 1: 


At center of'2 angle: | J, = 0.62 In(é,) + 1.12 
ple: | I, = 0.31 In(&,) + 0.56 


ethod for Rectangular Loads 


vertical stress increases under the center of rectangular 
engineers often use an approximate method (sometimes 




























p — dnt — 34 
FIGURE 3.26 Dispersion of load for approximate increase in vertical stress under 
a rectangle. 
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called the 2:1 method). The surface load on an area, B x L, is dispersed at a 
depth z over an area (B + z) xX (L + z) as illustrated in Fig. 3.26. The vertical 
stress increase under the center of the load is 


qBL 


Av: 7 (B * zXL * 2) 


(3.85) 


The approximate method is reasonably accurate (co 
elastic solution) when z > B. 


with Boussinesq's 


due to a uniformly loaded area of an 
circles divided by radial lines (Fig. 32 
equal proportion of the applied surfa 


the appropriate value for 
2q;, and find r/z. The chart is 
are scaled by a factor initially 


Depth scale j 
P | I,,z 0.005 





FIGURE 3.27 Newmark's chart for increase in vertical stress. 
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The procedure for using Newmark’s chart is as follows: 


1. Set the scale, shown on the chart, equal to the depth at which the increase 
in vertical stress is required. We will call this the depth scale. 

2. Identify the point on the loaded area below which the stress is required. 
Let us say this point is A. 

3. Plot the loaded area using the depth scale with point A at the center of the 
chart. 

4. Count the number of segments (N,) covered by the scaled loaded area. If 
certain segments are not fully covered, you timate what fraction is 
covered. 


5. Calculate the increase in vertical stress 





The essential points are: 
The increases in stresses below | 


Use the equation for a point load. Use Eq. (3.55): 


z=Sm, Q=200kN; Under load, r = 0, = 0 


r 
z 


From Eq. (3.56): : -0, 1-048 


ao, = 21 = => x 048 = 3.8 kPa 
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Step 3: Determine the vertical stress at the radial distance. 


ri | Bo 


r-2m, =04, /=0.33 


ais 


Ac, = ue x 0.33 = 2.6 kPa 


EXAMPLE 3.10 


A rectangular concrete slab, 3 m X 4.5 m, rests on 
load on the slab is 2025 kN. Determine the vertici 
3 m (a) under the center of the slab, poi 
(Fig. E3.10a), and (c) at a distance of 1. 














ase at a depth ôf 
. (b) under pe B 





Strategy The slab is rectangular 
rectangular area are for the cq 


Solution 
Step 1: Ide 


Section 
(a) 
FIGURE E3.10a 


120 
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te 





L—1.5m—4 
b) 
FIGURE E3.10b,c 


Step 2: Divide the rectangle so that t 
In this problem, all four re 
(Fig. E3.10b), so you onl 
rectangle of size B — 1.5 


Step 3: 





=45 kPa 








~ 8 * 345 + 3) 
Step 4: 
It aly the ail by 2. 


225 
3 


tad | Ga 


m=-=hl n= = 0.75 


From the chart in Fig. 3.25, /, = 0.158. 


Ac, = 2 X 150 X 0.158 = 47.4 kPa 


You should note that the vertical stress increase at B is lower than at 
A, as expected. 
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Step 5: Find the stress increase for point C. 
Stress point C is outside the rectangular slab. You have to extend the 
rectangle to C (Fig. E3.10c) and find the stress increase for the large 
rectangle of width B = 4.5, length L = 4.5 m and then subtract the 
stress increase for the smaller rectangle of width B = m and 
length L = 4.5 m. 


Large rectangle 


4. 
= = = 15, n= = = 1.5; from in Big. 3. = 0.22 








m 






Small rectangle 


L5 4.5 
m=- 5 05, d 


Ao, = 150 X (0.22 — 0: 









0.13 









EXAMPLE 3.11 


| The plan of a foundation of 1 shown in Fig. 
E3.11a. Determine the vertical stre: ow the cen- 
troid. The foundation i kPa onthe soil surface. 










ickness for a bui 









tion does not fit neatly 
rcles) discussed. The con- 
dation is Newmark’s chart. 





Depth scale 


I, = 0.005 
(b) ? 


FIGURE E3.11a,b 
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Solution 3.11 
Step 1: Find the centroid. 


10 x100*X 50--1.5X 20x LO 
x = eee = — = 426m 
1.0 X 10.0 xX 0.5 + LS x 2:0 x (1.0 + 1.5/2) 


2 1 t3X80 X15 X (10 + 15/3) __ 16.25 _ 
(1.0 x 10.0) + (1.5 x 20) - 3x 8.0 x 1.5 19 


I 


Step 2: Scale and plot the foundation on a New 








located at the center of the chart a ion is scaled 
the depth scale (Fig. E3.11b). 


Step 3: Count the number of segme he foundatio 


Step 4: Calculate the vertical stress incre 


200 x 0.005 x 6 







What's next...Thes 


owever, define a set of 
system. Such a system, which 
stress and strain parameters to 
lar, we would be able to represent a 
by a two-dimensional system. 













3.12 STRESS AND STRAI VARIANTS 








inve are measures that are independent of the axis system. 
ess invariants that provide measures of (1) mean stress and (2) 
yrtional or shear stress, and strain invariants that provide mea- 
netric strains and (2) deviatoric or distortional or shear strains. 





Stress anc 















3.12. ean Stress 






"Sitsct ey, SEES ER -— 





On a graph with orthogonal principal stress axes, o,, 02, 03, the mean stress is 
the space diagonal, that is, a line oriented at equal angles to all three axes (Fig. 
3.28). Mean stress causes volume changes. 
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FIGURE 3.28 Mean and deviatoric stresses. 


3.12.2 Deviatoric or Shear Stress 


(3.87) 





1 Fig. 328r nts the devia- 
or shearing of a soil mass. 


(3.88) 


(3.89) 


ealing with two conditions—axisymmetric and 
train. For ditions, the stress and strain invariants are as 


Ows. 








3.42. i ric Condition, 
02790 02 = 03; £2 = £3 
1 + 2g! + 
p= = ve and p — = D (3.90) 





q791—95 q' = 9} — 03 = (go, — Au) — (93 — Au) = 9, — 03 (3.91) 


Therefore, q — q'; shear is unaffected by pore water pressures. 


I 
Gs 
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3.12.6 Plane Strain, £; = 0 


, ! 
, 9i t 92 * di 
3 


9, + 0; t 04 


and p= 3 


(3.94) 







, 


1 
gegen 03) + (03 — 03)? + (03 — o1]? 


' ule — asy + i s x Reo Spor 


or 


3.12.7 Hooke’s Lz 
Stress and Strain 


The stress and strain i are related as follows: 


(3.99) 


is the effective bulk m 
ef = -5l (3.101) 
-5l 5 
DLE (3.102) 


DLE 









is called the shear modulus. Hooke’s law in terms of the stress and strain invar- 


ia 
aslo sella) 
"| F 3G | les (3.103) 
Equation (3.103) reveals that for a linear, isotropic, elastic material, shear stresses 


do not cause volume changes and mean effective stresses do not cause shear 
deformation. 
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We can generate a generalized Poisson's ratio by eliminating E' from Eqs. 
(3.100) and (3.102) as follows: 
l Equation (2.100) E' — 3K'(1 — 2v) 
Equation (3.102): E’ =2G(1 + v’) 
3K’ — 2v') _ 
2G(1 + v’) 


inl 









A. cylindrical s 
an axial effect 


100 mm long is subjected to 
effective principal stress 
; are 0.5 mm and —0.04 mm, re- 
| | ic material, calculate (a) the 
ic stresses, (b) the volum 'tric and shear (distortional) strains, 


, bulk, and elasti 















The negative sign for the radial displacement 


ear and deviatoric stresses. 
a, =o, = 400 kPa, o3 = o, = 100 kPa 
_ 400 + 2 X 100 
3 
q =q' = ç; — of = 400 — 100 = 300 kPa 
Step 2: Calculate the volumetric and shear strains. 

Az = 0.5 mm, Ar = —004 mm, r = 502 = 25 mm, L = 100 mm 


= 200 kPa 


Az — 0.5 5 
(b) ¢, =e, = T - i00 = 0,005 
Ar | —(0.04 | 
~=& = — = — = —0.0016 
s “3 r 25 
es = £, - 2£, = 0.005 — 2 x 0.0016 = 0.0018 = 0.18% 


ec = 2(e, — €,) = 3(0.005 + 0.0016) = 0.0044 = 0.44% 
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Step 3: Calculate the moduli. 





a -.| 200 | | 
K'-E- = 111,111 kP 
e) e€ 0.0018 i 2 
g 300 | 
G = = ——— = 22,727 kP 
3e «3 x 0.0044. i 
but 
ae ng yy = BK = 2G _ 3 X UII — 2 X 2277 
Hro O Y 2G-c-6KX 
SE -29(1- v») 22 x 22,727(1 4- 0. 
EXAMPLE 3.13 


A sample of soil was subjected to si 
cuboidal sample into a parallelepi 
directions are zero. The sample Sl 


vertical displacement of 0.04 


Strategy You a 
calculate strains. Thes 






strain condition. There- 
d (3.98). 























0.002. — 0 


2 2 
0.01 | 
> ) + (x = 0.006 


0002— 0 /o.01\? | 
( 3 l T (e21) = —).004 








Az=0.04 mm 


Deformed position 
(not to scale} 










X 





I — — 100 mm——4. 
FIGURE E3.13 
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Step 2: Calculate the volumetric and deviatoric strains. 
&, = & + & = 0.006 — 0.004 = 0.002 

Also, 
Ep = €, +e, +e, = 0+ 0 + 0.002 = 0.002 








e, = 2(e? + ef — ee)? — 3[0.006* -- (—0.004)* — (0.00 = 0.0058 
E 
What's next ...We have examined how applied surface ses distributed in 









tures will impose 
ample, an element 
ous increase/decrease 
ever, the soil near a re- 


soils as if soils were linear, isotropic, elastic material 


that replicate the loading history of the i 
keeping track of the loading his y 


3.13 STRESS PATHS 














mensional system in which relative displace- 
cur at the contact. Let us incrementally apply a 
e top marble. We will call this loading “A”. 
ual to the anes loads and the E are 


Cartesian system with the X axis representing the horizontal 
s representing the vertical forces. We can represent loading 
“A” by a lin as shown in Fig. 3.29c. The line OA is called a load path or a 


force path. 


F sing 





9, l 
Fcos8 
(c) 


FIGURE 3.29 Effects of force paths on a one-dimensional systern of marbles. 
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Let us now apply the same force at an angle 0 to the X axis in the ZX plane 
(Fig. 3.29b) and call this loading *B". There are now two components of force. 
One component is F, — F cos 0 and the other is F, — F sin 8. If the frictional 
resistance at the contacts of the two marbles is less than the horizontal force, the 
top marble will slide relative to the bottom. You should recall from your me- 
chanics or physics course that the frictional resistance is pF, (Coulomb’s law), 
where p. is the coefficient of friction at the contact between the two marbles. Our 
one-dimensional system now has two modes of instability or failure—one due to 
relative sliding and the other due to crushing of the marbles. The force path for 
loading “B” is represented by OB in Fig. 3.29c. The essential point or principle 
is that the response, stability, and failure of the system end on the force path. 

Soils, of course, are not marbles but the u ame 
The soil fabric can be thought of as a space. fr 
senting the members of the frame and 
joints. The response, stability, and fail 
depend on the stress path. 
Stress paths are presented 1 












e stress invariants, 
) lise. 










xe of loading conditions. We will use a 
poses and subject it to several loading 
of axial and radial stresses (Ao, = Ao, 
ple as illustrated in the inset figure labeled 






















FIGURE 3.30 Stress paths. 
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The loading condition we are applying is called isotropic compression; that 
is, the stresses in all directions are equal (Ag, = Ao, = Ao;). We will call this 
loading condition, loading ''1."" It is often convenient to work with increments of 
stresses in determining stress paths. Consequently, we are going to use the in- 
cremental form of the stress invariants. The stress invariants fofsotropic com- 
pression are 


+ 2A + 
T Ag, : T3 Aa, 2Na 


Ag; = Aa; — Ao3 = Àc; — 









The subscript 1 on p and q denotes loading 

Let us now prepare a graph with ; sa) and q (ordinate), as 
ot. The initial stresses on 
. The stresses at the end of 














the soil sample are zero; that is, p, 
loading “1” are 





and are shown as coor Iled the stress path 


for isotropic com 


nstant, that is, Ac, — 0, but 
(inset figure labeled “2” in Fig. 3.30). 
ied “9” are 


. Am T 2 x 0 _ Aor 
3 3 
-— Aq, -— 0 = Ao, 


nd the stress in the end of loading "2" are 


Ao | 
Pa = Pi t Ap: = Ao, Pr Ao, 


q2 = qi + Ag, = 0 + Aa, = Ac, 


Point B in Fig. 3.30 represents (qz, p;) and the line AB is the stress path for 
loading 2." The slope of AB is 





Let us make another change to the loading conditions. We will now keep 
c, constant (Ao, — 0) and then increase o4 (Ao; — 0) as illustrated by the inset 
figure labeled '*3" in Fig. 3.30. The increases in stress invariants are 


l _ 0 * 28e,  2Ao 
Aps 7 —31 3 
Aqa =()- Ac, = —Ao; 
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The stress invariants at the end of loading ‘‘3” are 


Pps = p2 + Ap; = $40; + $40; 
q3 = q2 + Aq; = Ao, — Ao, 


The stress path for loading “3” is shown as BC in Fig. 3.30. The slope of BC is 


You should note that q decreases but p increases for stress path BC. 
So far, we have not discussed whether the soi allowed to drain or not. 







ing imposed by loading *1" is cal e 
will discuss isotropic consolida 





pore water pressure 
ean effective stress 
n total stress; that 









31. This dual labeling allows us to 
d total stress paths. 

“2” and “3” the excess pore water pres- 
of the soil. In geotechnical engineering, 
à loading situation in which the excess pore 













FIGURE 3.31 Total and effective stress paths. 
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water cannot drain from the soil. The implication is that the volume of our soil 
sample remains constant. In Chapter 5, we will discuss drained and undrained 
loading conditions in more detail. For loading ‘‘2,” the total stress path is AB. In 
this book, we will represent total stress paths by dashed lines. 

If our soil were an isotropic, elastic material, then accordi 
written in incremental form 


to Eq. (3.99), 


(3.105) 


re Is no reason 
the excess pore water 
lids. Remember the 
alogy is applicable here. 
ite Eq. (3.105) in terms of 


(3.106) 


this case, &p cannot be since this is the in mean total stress from the 
applied loading. Ther yt solütic , = «o, which leads 
to v, = 0.5. lic: X . (3.105. (3. r à linear, isotropic, 
elastic soil | 


E, 
"O0. eri dE) 
Since G= G, 
E, E 


20 *w) 20-*v) 
and, by substituting v, = 0.5, we obtain 


(3.107) 





^] 


For many soils, v' = 5 and, as a result, E, = 4. LE’; that is, the undrained elastic 
modulus is about 10% greater than the effective elastic modulus. 

The effective stress path for loading *'2," assuming our soil sample behaves 
like an isotropic, elastic material, is represented by AB’ (Fig. 3.31); the coordi- 
nates of B' are 


p? = pi + Ap: = pi +0 = Ao; 
qa = qi + Aq; — 0 + åq = Ao, 
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q 
4 4c, >0 


4o,=0,  ESP for K, compression 
£4 20 o p A 





The difference in mean stress betwe 
of q is the change in excess pore water pr 
horizontal line between the TSP a 
pressure. The maximum change i 
ing *'2" is 


For loading **3," the 
excess pore water pre 






ge of strains and 
ding has only limited ap- 
d. In Chapter 6, we will 


therefore the conditi 
plication. On 





e the stress paths for any 
e our soil sample laterally, that is, 
0, and incrementally increase c; 
The loading condition we are imposing on 

















3 7 3 3 
= Aq’ = Ao; — Ao; = Ao; — K, Ao; = Aoj(1 — K,) 
TSP is equal to the slope of the ESP; that is 


2^0; Aoi * 2K, Ao’ (! + K.) 
2 — = Ao | — 
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. The effective stress path for a linear, elastic soil under the undraine 
is vertical; that is, Ap' =0. 
3. The mean stress difference between the total stress path 1 
tive stress path is the excess pore water pressure. | 
4. The response, stability, and failure of soils depend oi 











3.13.3 Procedure for Plotting Stress P 


A summary of the procedure for plotting stress pat! 


1. Determine the loading condition 
2. Calculate the initial loading v 
3. Set up a graph of p' (and p.i 


Ap’, p = p. + Ap, and 
ot be negative but g can be 


ined loading condition, ESP = TSP, and for an un- 


Two cylindrical specimens, A and B, of a soil were loaded as follows. Both spec- 
imens were isotropically loaded by a stress of 200 kPa under drained conditions. 
Subsequently, the radial stress applied on specimen A was held constant and the 
axial stress was incrementally increased to 440 kPa under undrained conditions, 
The axial stress on specimen B was held constant and the radial stress incremen- 
tally reduced to 50 kPa under drained conditions. Plot the total and effective 
stress paths for each specimen assuming the soil is a linear, tsotropic, elastic 
material. Calculate the maximum excess pore water pressure in specimen A. 


Strategy The loading conditions on both specimens are axisymmetric. The 
easiest approach is to write the mean stress and deviatoric stress equations in 
terms of increments and make the necessary substitutions. 
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Solution 3.14 


Step 1: 


Step 2: 


Step 3: 















Determine loading condition. 
Loading is axisymmetric and both drained and undrained conditions 
are specified. 

Calculate initial stress invariants for isotropic loading path. 

For axisymmetric, isotropic loading under drained conditions, Au = 0, 
Aa; + 2Ac} z Ac, + 2A0; 
3 3 
Pa = pà = 200 kPa, since the soil specime 
stress-free state under drained conditio 


Ap’ = = Ag} = 200 kPa 


Set up graph and plot initial str 
Create a graph with axes p' an 


D — 200 = —150 kPa 
=ss invariants. 











a, + 240, 240+2x0 











3 = 3 - 80 kPa 
Ag = Ao, — Ao, = 240 — 0 = 240 kPa 
A 240 
Slope of total stress path = —t = 3 





Ap 80 
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Specimen B 
| ap = Ap’ = So 72885 , UT TECH) - -100 kPa 
Ag = Ao, ~ Avy = 0 — (-150) = 150 kPa 
Slope of ESP (or TSP) = E - ae & 4j 
Step 6: Calculate the current stress invariants. 
Specimen A <S 
+ 240 = 240 kPa 


pP = po+ Ap = 200 + 80 = 280 kPa, q=q'= 
p' = po + Ap’ = 200+ 0 = 200 kPa (elasti 






Specimen B 





pp pe 








Specimen A 
Plot point B 2 





lót point B’ ag (200, 240). » 


path and AB' shows the 


Step 8: 






3.14 SUMMARY 








Elastic theory provides a simple, first approximation to calculate the deformation 
of soils at small strains. You are cautioned that the elastic theory cannot ade- 
quately describe the behavior of most soils and more involved theories are re- 
quired. The most important principle in soil mechanics is the principle of effective 
stress. Soil deformation is due to effective not total stresses. Applied surface 
stresses are distributed such that their magnitudes decrease with depth and dis- 
tance away from their points of application. 

Stress paths provide a useful means through which the history of loading 
of a soil can be followed. The mean effective stress changes for a linear, isotropic, 
elastic soil are zero under undrained loading and the effective stress path is a 
vector parallel to the deviatoric stress axis with the q ordinate equal to the cor- 
responding state on the total stress path. The difference in mean stress between 
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the total stress path and the effective stress path gives the excess pore water 
pressure at a desired value of deviatoric stress. 


Practical Example 
EXAMPLE 3.15 


A building foundation of width 10 m and length 40 m transmits a load of 80 MN 
to a deep deposit of stiff saturated clay (Fig. E3.15a). The elastic modulus of the 
clay varies with depth (Fig. E3.15b) and v' — 0.32. Estimate the elastic settlement 
of the clay under the center of the foundation assuming (1) drained condition 
and (2) undrained condition. 
















Strategy The major decision in this probl 
an appropriate elastic modulus. One optiofi is to use 

over a depth of 3B. Beyond a depth of | 
1096. 


Solution 3.15 
Step 1: Find the appli 









| surface stress. 


Step 2: 





(a) Foundation plan and section (b) Variation of elastic modulus with depth 
FIGURE E3.15 
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(1) Drained condition. 


200 x 5x (1— 0,322) 


| = “ -6 zt b. UM: -3 
345 x 10° 1.98 = 51.5 x 10-° m — 51.5 x 107 mm 


Az = 


(2) Undrained condition. 


200 x 5 x (1 — 0.57) 


us Wis 1.98 = 391 x 107* 


Az — 


EXERCISES 


Theory 
An elastic soil is confined laterally à 
In soil mechanics, the loading impose 
dation. Show that under the A,yondi 






















The increase in 
Ao). Show tha 
condition. 


“= Ag, + A(Aa; e 
— 1 for the axisymmetric 


) and the deviatoric stress gq = 0. If the soil 
j ' plot the total and effective stress paths for the fol- 
condition: (a) Ao; = 540, and (b) Ao, — —3Ac,. 


d on a soil profile consisting of 2 m of medium clay followed 
ense sand on top of bedrock. A vertical settlement of 5 mm at the 
ent was measured during construction. Assuming all the settlement 
is elastic and in the medium clay, determine the average stresses imposed on the 
medium clay under the center of the embankment using the elastic equations. The elastic 
parameters are E, — 15 MPa and v, = 0.45. [Hirit: Assume the lateral strain is zero.] 





An element of soil (sand) behind a retaining wall is subjected to an increase in vertical 
stress of 60 kPa and an increase in lateral stress of 25 kPa. Determine the increase in 
vertical and lateral strains, assuming the soil is a linearly elastic material with E' — 20 
MPa and v' — 0.3. 


A cylindrical specimen of soil is compressed by an axial principal stress of 500 kPa and a 
radial principal stress of 200 kPa. Plot Mohr's circle of stress and determine (a) the max- 
imum shear stress and (b) the normal and shear stresses on a plane inclined at 30? clock- 
wise to the horizontal. 


A soil specimen (100 mm x 100 mm X 100 mm) is subjected to the forces shown in Fig. 
P3.8. Determine (a) the magnitude of the principal stresses, (b) the orientation of the 
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3.9 


3.10 


3.11 


3.12 


3.13 


3.14 
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8 kN 





FIGURE P3.8 


ar stress, and (d) the normal 
the horizontal. 


principal stress plane to the horizontal, (c) the maximum s 
and shear stresses on a plane inclined at 20° countercl 


plane and 100 kPa on the vertical plane. Con 
additional stresses consisting of a vertical str 


(1) for the initial state of the soil and (2 
(a) the change in magnitude of the p 
stress, and (c) the change in orientation 
construction of the foundation. 









Plot the distribution of total ffective stress, and 
Neglect capilla 


45m. : derer Mr 


5m 


FIGU 


d 3 m below ground surface. Currently, the groundwater level 
. But, after installation of the culvert, the groundwater level is expected 
y ground surface. Calculate the change in vertical effective stress on 


The effective size of a fine sand is 0.15 mm. Estimate the distance in the sand, above the 
ater level, that would be saturated by capillary action. Determine the vertical 
effective stress in the sand at depths of 1 m above and 3 m below the groundwater level 
for the following cases: (a) groundwater level 3 m below ground surface and (b) ground- 
water level 1.5 m below ground surface. The void ratio of the sand is 0.6. Assume that 
the degree of saturation is 90% for soil layers that are unsaturated. 


A soil profile consists of a clay layer underlain by a sand layer as shown in Fig. P3.14. If 
a tube is inserted into the bottom sand layer (Fig. P3.14) and the water level rises to 1 m 
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elm na 2185kNa 


2m y,í,- 19.0 kN/m? 


—O[15m 74,7 17.0 kN/m? 





FIGURE P3.14 


above the ground surface, determine the verticak@ffective Stressés and pore water pres- 
sures at A, B, and C. If K, is 0.5, determine the effective tal lateral stresses at A, 
B, and C. | 


A rectangular foundation 4 m X 6 m (Fig 
surface of a soil deposit. Plot the distributi 


|] stress at a depth of 5 m below the centroid of the 
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— Te 5 a 




















3.17 

3.18 | 
vertical stress of 100 k the axial stress was 
held constant and n undrained condition. 
Plot the total and e r, isotropic, elastic ma- 
terial). Determine e maximum excess pore water 

3.19 > jniti tain dept in a soil are o = 80 kPa, o = 40 


ho. = —10KPa ed Aa, = SAT EPA Plot 
tress path assuming that the soil is a linearly elastic 
ess pore water pressure. 


ill be constructed adjacent to an existing office complex. The 

if of very dense sand with £ — 45 MPa and v’ = 0.3. The sand 
rests on a deep d itof dense gravel. The existing high rise complex is founded on a 
concrete slab, 100 m X 120 m located at 2 m below ground surface, that transmits a load 
of 2400 MN to the soil. Your office foundation is 50 m x 80 m and transmits a load of 
1000 MN. You also intend to locate your foundation at 2 m below ground level. The front 
of your building is aligned with the existing office complex and the side distance is 0.5 m. 
The lesser dimension of each building is the frontal dimension. The owners of the existing 
building are concerned about possible settlement of their building due to your building. 
You are invited to a meeting with your client, the owners of the existing building, and 
their technical staff. You are expected to determine what effects your office building would 
have on the existing building. You only have one hour to make the preliminary calcula- 
tions and you are expected to present the increase in stresses and the amount of settlement 
of the existing office complex due to the construction of your office building. Prepare your 
analysis and presentation. 





CHAPTER 4 


ONE-DIMENSIONAL 
CONSOLIDATION 
SETTLEMENT OF 
FINE-GRAINED SOILS 










| ES | ED 


consolidation Se nt of fine- 
sideration to the vertical direction. 





4.0 —NTRODUCTION 












In this chapter, we will consider one-d em 
erained soils. We will restrict settleme 1 
Under load, all soils will sett 


within them. If the settlement 





* Be able to caletilate one-dimensional consolidation settlement and time 


rate of settlement 


You will make use of the following concepts learned from the previous 
chapters and your courses in mechanics and mathematics. 


« Stresses in soils—effective stresses and vertical stress increases from surface 
loads (Chapter 3) 


* Strains in soils—vertical and volumetric strains (Chapter 3) 
* Elasticity (Chapter 3) 

* Flow of water through soils (Chapter 2, Darcy's law) 

* Solutions of partial differential equations 
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n 
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»undation for an office building is to be 
he sand - is a layer of soft —- 






tower was completed it tilted. Since then the tower has been 
ally. The foundation of the tower is located about 3 m into à 

| | that is underlain by 30 m of clay on a deposit of sand. A sand 
layer approximately 5 m thick intersects the clay. The structure of the tower is 
intact but its function is impaired by differential settlement. 


4.1 DEFINITIONS OF KEY TERMS 





Consolidation is the time-dependent settlement of soils resulting from the ex- 
pulsion of water from the soil pores. 


Primary consolidation is the change in volume of a fine-grained soil caused by 
the expulsion of water from the voids and the transfer of load from the excess 
pore water pressure to the soil particles. 
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Secondary compression is the change in volume of a fine-grained soil caused by 
the adjustment of the soil fabric (internal structure) after primary consolidation 
has been completed. 


Excess pore water pressure, Au, is the pore water pressure in excess of the current 
equilibrium pore water pressure. For example, if the pore water 
soil is wu, and a load is applied to the soil so that the existing pore 
increases to u,, then the excess pore water pressure is Au = 







Preconsolidation stress or past maximum effectiv e maximum 


a 
| az dügs 
A 













What is 
2. What is the.differer 
3. What is the g ing equation in one-dimensional consolidation theory? 


4. How is the excess pore water pressure distributed within the soil when a 
load is applied and after various elapsed times? 


51l consolidation? 


o 
e between consolidation and compaction? 


= 


e proce 










M 


What factors determine the consolidation settlement of soils? 


6. What are the average degree of consolidation, time factor, modulus of vol- 
ume compressibility, and compression and recompression indices? 


7. What is the difference between primary consolidation and secondary 
compression? 


What is the drainage path for single drainage and double drainage? 


Why do we need to carry out consolidation tests, how are they conducted, 
and what parameters are deduced from the test results? 


9 


* 
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10. How is time rate of settlement and consolidation settlement calculated? 


1l. Are there significant differences between the calculated settlements and 
field settlements? 

























4.3 BASIC CONCEPTS 





In our development of the various ideas on con ent, we will 


assume: 


* A homogenous, saturated soil 

* The soil particles and the water 
* Vertical flow of water 

* The validity of Darcy's law. 
* Small strains 


concepts of the 
us take a thin, 


We will conduct a simple 


are used to 
of the soil. 


d top and bottom faces 
e top porous stone and 
om porous stone. A platen 
ads to the soil. Expelled water is 


the pore water and the soil particles are incompressible, 
pressure is zero. The volume of excess pore water that 
then a measure of the volume change of the soil resulting 


Displacement gauge 


Top platen 







Pore water 
pressure 
readout units f? 


Pore water 
pressure 


transducer 
Cylinder 


Porous 
stone 


FIGURE 4.2a Experimental setup for illustrating basic concepts on consolidation. 
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from the applied loads. Since the side wall of the container is rigid, no radial 
displacement can occur. The lateral and circumferential strains are then equal to 
zero (£, — £4 — 0), and the volumetric strain (£, — £, + Eş + E,) is equal to the 
vertical strain, £, — Az/H,, where Az is the change in height or thickness and H, 
is the initial height or thickness of the soil. 

















4.3.1 Instantaneous Load 


ive 
in volume 


Let us now apply a load P to the soil through the load plate 
closed. Since no excess pore water can drain from the soi 
of the soil is zero (AV — 0) and no load or stress is transfer 
(Ac! = 0). The pore water carries the total load, Ehe i 

pressure in the soil (Au,) is then equal to the ck 


the soil layer, the initial excess poreaWa 
stress. For example, if Ao, = 100 kPa, 


drains from | 
4.2c). At the 


ment occurs shortly after the valve was 
,1s also much faster soon after the valve was 





0 LOO 125 
Au (kPa) 


FIGURE 4.2b Instantaneous or initial excess pore water pressure when a vertical 
load is applied. 
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Excess pore water pressure 
at time t, 








= change in excess pore water 
pressure (kPa) 


sg during 


. A large volume of water 
on after the flow becomes 














FIGURE 4.2c Excess pore redistribution 


consolidation. 


when Au, = 0. The later time settlement response is 
ssion or creep. Secondary compression is the change in 
ed soil caused by the adjustment of the soil fabric (internal 


in effective stresses resulting from decreases in excess pore water pressure. The 
rate of settlement from secondary compression is very slow compared with pri- 
mary consolidation. 

We have separated primary consolidation and secondary compression. In 
reality, the distinction is not clear because secondary compression occurs as part 
of the primary consolidation phase especially in soft clays. The mechanics of 
consolidation is still not fully understood and to make estimates of settlement, it 
is convenient to separate primary consolidation and secondary compression. 


4.3.4 Drainage Path 


The distance of the longest vertical path taken by a particle to exit the soil is 
called the length of the drainage path. Because we allowed the soil to drain on 


A^ 
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the top and bottom faces (double drainage), the length of the drainage path, Har 
is 


+ 
Hy, = He = Ha * Hi ay 















where Hav is the average height and H, and H, are the initial an 
respectively, under the current loading. If drainage were permi 
one face of the soil, then Har = Hav. Shorter drainage paths will c 
complete its settlement in a shorter time than a longer d 
see later that, for single drainage, our soil sample will ta 
reach a particular settlement than for double drainage. 


4.3.5 Rate of Consolidation 


The rate of consolidation for a homogenéo 
ability, the thickness, and the length o 





Since the applied vertica n according to 
the principle of efféctive stress d uction of the initial 
excess pore water corresponding increase in 
vertical effective str esses lead to soil settle- 







pore water co dissipate and thie.soil continues to settle (Fig. 4.2c). 
After some time, usually within 24 s 







; that is, t 
; = Ao,). 


ctive stress 1s equal to the vertical total stress 





The essenti are: 


1. When a load is applied to a saturated soil, all of the applied stress is 
supported initially by the pore water (initial excess pore water pres- 
sure); that is, att = 0, Au, = Ao, or Au, = Ap. The change in effec- 
tive stress is zero (Ao; — 0). 

2. If drainage of pore water is permitted, the initial excess pore water 
pressure decreases and soil settlement (Az) increases with time; that is, 
Au(t) < Au, and Az > 0. The change in effective stress is Aaj = Ao, 
— Au(t). 

3. When t — c, the change in volume and the change in excess pore wa- 
ter pressure of the soil approach zero; that is, AV — 0 and Au, — 0. 
The change in vertical effective stress is Ag; = Ao, 
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4. Soil settlement is not linearly related to time except very early in the 
consolidation process. | 

5. The change in volume of the soil is equal to the volume of initial ex- 
cess pore water expelled. 


6. The rate of settlement depends on the permeability 














4.3.7 Void Ratio and Settlement 
Changes Under a Constant Loa 


The initial volume (specific volume) o 
€ I$ the initial void ratio. Any chan 
change in void ratio (Ae). We can 
in void ratio as 


















(4.2) 
Since for one-dimensional consolidati . ^ £,, We can wrilé a relationship 
between settlement change in void ra 
age a : (4.3) 
where H, ithe initial height of the soil. rite Eq. (4.3) as 
A 4.4 
Lh 8; (9 
We aré/going to use p,. to denote primary consolidation settlement rather than 
Az, so 
(4.5) 
(4.6) 


4.3.8 Effects of Vertical Stresses 
on Primary Consolidation 


We can apply additional loads to the soil and for each load increment we can 
calculate the final void ratio from Eq. (4.6) and plot the results as shown by 
segment AB in Fig. 4.3. Three types of graph are shown in Fig. 4.3 to illustrate 
three different ways of plotting the data from our test. Figure 4.3a is an arithmetic 
plot of the void ratio versus vertical effective stress. Figure 4.3b is a similar plot 
except the vertical effective stress is plotted on a logarithmic scale. Figure 4.3c is 
an arithmetic plot of the vertical strain (€,) versus vertical effective stress. The 
segment AB in Figs. 4.3a,c is not linear because the settlement that occurs for 
each increment of loading brings the soil to a denser state from its initial state 
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(a) b) (c) 


A 









Slope - C, 
























Impossible state Ww Impossible state 
us LU ; = 
= ES E 
g g impossible state E 
= 3 = Slope s. m, 
€ a _ = 
D o C, $ 
a 
= i 
D 
D'in Ox c^ 0 Fe g. o. 
Vertical effective stress Vertical effective stress affective stress 


(log scale) 
FIGURE 4.3 Three plots of settlement data from 


The segment AB (Fig. 4.3a- c) i iS C2 
consolidation line (NCL). In a plot o; 
a straight line. 

At some value of vertic 
incrementally. Each inc 
reaches equilibrium 
is removed, the soil 
void ratio increases 
for the same 






e elastoplastic response of the soil. Loads that cause 
ill produce elastic settlement (recoverable settlement 
af small repeat ads that cause the soil to follow path AB will produce 
settlements that have both elastic and plastic (permanent) components. 

Once the past maximum vertical effective stress, o;., is exceeded the slope 
of the path followed by the soil, DE, is the same as that of the initial loading 
path AB. Unloading and reloading the soil at any subsequent vertical effective 
stress would result in a soil’s response similar to paths BCDE. 





4.3.9 Primary Consolidation Parameters 


The primary consolidation settlement of the soil (settlement that occurs along 
path AB in Fig. 4.3) can be expressed through the slopes of the curves in Fig. 
4.3. We are going to define two slopes for primary consolidation. One is called 
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the coefficient of compression or compression index, C,, and is obtained from 
the plot of e versus log o; (Fig. 4.3b) as 





— A 
C, 7 — E ou 8 . (no units) (4.7) 

















(o): (02s 
] eee as 
| "(eb (ei 
where the subscripts 1 and 2 denote two arbitrarily selected points ón the NCL. 


The: other is called the modulus of volume S ,; and is ob- 
tained from the plot of £, versus o; (Fig. 4.3c) as 


-Eh (Eh . 


my = ’ , = 
(02) = (0) 

where the subscripts 1 and 2 denote two arbitrarily Selected points on the NCL. 

Similarly, we can define the*Slope,BC in Fig. 4.3b as the recompression 

index, C,, which we can express as 


(4.8) 


_— 


(4.9) 










where the subscripts 2denote two arbitra 
The slope. BC in Fig. 4.3c is called the modulus 
m,,, and is expressed as 


- WAREN e 


ripts 1 and 2 deno bitrarily selected points on the URL. 
m Hooke's law, we knc oung's modulus of elasticity is 


Ac! 
E; = 7 4. 
ere the su 
to settle onły 


constrained because we are constraining the soil 
Eq. (4.11 


selected points on the URL. 
f volüme recompressibility, 








wher 














ript c de 
ction (one-dimensional consolidation). We can rewrite 


1 
d = 4. 
E. iu (4.12) 


The slopes C,, C,, m,, and m,, are taken as positive values to satisfy our sign 
convention of compression or recompression as positive. 











4.3.10 Effects of Loading History 


In our experiment, we found that during reloading the soil follows the normal 
consolidation line once the past maximum vertical effective stress is exceeded. 
The history of loading of a soil is locked in its fabric and the soil maintains a 
memory of the past maximum effective stress. To understand how the soil will 
respond to loads, we have to unlock its memory. If a soil were to be consolidated 
to stresses below its past maximum vertical effective stress, then settlement would 
be small because the soil fabric was permanently changed by a higher stress in 


y 
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the past. However, if the soil were to be consolidated beyond its past maximum 
effective stress, settlement would be large for stresses beyond its past maximum 
effective stress because the soil fabric would now undergo further change from 
a current loading that is higher than its past maximum effective stress. 

The practical significance of this soil behavior is that if the loading imposed 














are lower than the preconsolidation stress, the soil will 
can reasonably assume that the soi! will behave like a 
stresses greater than the preconsolidation stress 
elastoplastic material. 


4.3.11 Overconsolidation Ratio 


dation stress, 0;., as an Over 
a void ratio versus vertical effe 
loading. The degree 
is defined as 


. 4.3) during 
ratio, OCR, 














(4.13) 
If OCR = 1, is normally consc 
follow paths similar to ABE (Fig. 4.3). 
2 Possible and 
tion Soil/Sta 
mal consolidati delineates possible from impossible soil states. 


t cannot bring it to soil states right of the normal 
| call impossible soil states (Fig. 4.3). Possible soil 
the left of the normal consolidation line. 


nsolidation line, wh 
states only 


The essential points are: 


I. Path AB (Fig. 4.3), called the normal consolidation line (NCL), de- 
scribes the response of a normally consolidated soil—a soil that has 
never experienced a vertical effective stress greater than its current ver- 
tical effective stress. The NCL is approximately a straight line in a 
plot of e versus log o; and is defined by a slope, Ca, called the com- 
pression index. 


2. A normally consolidated soil would behave like an elastoplastic ma- 
terial. That is, part of the settlement under the load is recoverable 
while the other part is permanent. 
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> 3. An overconsolidated soil has experienced vertical effective stresses 

greater than its current vertical effective stress. 

4. An overconsolidated soil will follow paths such as CDE (Fig. 4.3). 
For stresses below the preconsolidation stress, an overconsolidated 
soil would approximately behave like an elastic mat 
ment would be small. However, for stresses greater the 
solidation stress, an overconsolidated soil will heha 
elastoplastic material, similar to a normall | 












What's next . . .Next, we will consider how to ncepts to calculate one- 


dimensional settlement. 


4.4 CALCULATION OF PF 
CONSOLIDATION SETTL 


lu) 












4.4.1 Effects of 
a Soil Sample Ta 





from the field at a depth z 
vel is at the surface. The 







Soil sample 
OCR=1 OCR>1 


lop o'r 


Or o. 
FIGURE 4.4 (a) Soil sample at a depth z below ground surface. (b) Expected one- 
dimensional response. 
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To obtain a sample, we would have to make a borehole and remove the 
soil above it. The act of removing the soil and extracting the sample reduces the 
total stress to zero; that is, we have fully unloaded the soil. From the principle 
of effective stress [Eq. (3.39)], o' = —Au. Since o’ cannot be negative—that is, 
soil cannot sustain tension—the pore water pressure must be negative. As the 
pore water pressure dissipates with time, volume changes (swelling 
the basic concepts of consolidation described in Section 4.3, the sa 
an unloading path AB (Fig. 4.4b). The point B does not 
effective stress because we cannot represent zero on a logari 
the effective stress level at the start of the logarithmic i ed to be 
small (^ 0). If we were to reload our soil sample, the reloadi 
depends on the OCR. If OCR = 1 (normally consolidated s 














ABE is C, and the slope of EF i 
stress. Later in this chapter, we will dé 
tests (Section 4.7). 


Let us consider a site 
to construct à buildi 


4.4.3 Primary Consolidation Settlement 
of Overconsolidated Fine-Grained Soils 


If the soil is overconsolidated, we have to consider two cases depending on the 
magnitude of Ao,. We will approximate the curve in the log o; versus e space as 
two Straight lines, as shown in Fig. 4.5. In Case 1, the increase in Ao, is such that 
Otia = Tlo * Ac, is less than of, (Fig. 4.5a). In this case, consolidation occurs 
along the URL and 

um 


’ fin < a! 4.15 
1 "" &; Tlo Ut ze ( ) 


o 


C, log 


Ppc 7 
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fh 
P 
t 
à 


NCL 















log c; 


Org 


i i 
Of, 8 


IC 
(a) Case 1: 0}, + Ao, <j, 


FIGURE 4.5 Two cases to consider for calculating of overconsolidated 
fine-grained soils. 


In Case 2, the increase in 
9, (Fig. 4.5b). In this case, we have t 
one along the URL and th 


C Orne on 
2 IS E 


fin = Oro + Ac. is greater than 
two components of settlement— 






(4.17) 







using the appropriate method in Section 3.11. 
the final vertical effective stress Cnn = Oja + Ac,. 


4. Calculate the primary consolidation settlement. 
a. If the soil is normally consolidated (OCR = 1), the primary 
consolidation settlement is 


Ha, Din 
Mem prr a. 





b. If the soil is overconsolidated and o, — c; the primary 
consolidation settlement is 
H, Or 
Ppe = C, log — 


l4 &, Tro 





b 
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c. If the soil is overconsolidated and o;, ^ o;,, the primary 
consolidation settlement is 





1 +e; s 


^ 


Pye = =? (6 log(OCR) 4 C, log Eie) 





















where H, is the thickness of the soil layer. 

You can also calculate the primary consolidation settle 
ever, unlike C., which is constant, m, varies with stress le 
pute an average value of m, over the stress range o 
consolidation settlement, using m,, 1s 


ppc 7 Hym, A 





The advantage of using Eq. (4.18) is that 7 
ment data in consolidation tests; you do not 
from the test data as required to de 


readily de 
to calculate void ratio changes 





ce 


4.4.5 Thick Soil Laye 


for each sublayer. 
mary consolidation 
primary consolidati 


value of H, in the 
e sublayer. An alternative 
method is tc | stress increase for the 
sublayers in he € ions for primary Consolidation settlement. The harmonic 
mean stress increase 


where n is the number of subla iis off d the subscripts 1, 2, etc., mean the first 
p) layer, the seconc id so on. The advantage of using the harmonic 
an is that the ment is skewed in favor of the upper part of the soil layer. 
u should recall from, Chapter 3 that the increase in vertical stress decreases 
with depth. primary consolidation settlement of the upper portion 
of the soil layer pected to be more than the lower portion because the 
upper portion of the Soil layer is subjected to higher vertical stress increases. 







pa Aa.) T (n 


Ac, (4.19) 






EXAMPLE 4.1 


The soil profile at a site for a proposed office building consists of a layer of fine 
sand 10.4 m thick above a layer of soft normally consolidated clay 2 m thick. 
Below the soft clay is a deposit of coarse sand. The groundwater table was ob- 
served at 3 m below ground level. The void ratio of the sand is 0.76 and the water 
content of the clay is 43%. The building will impose a vertical stress increase of 
140 kPa at the middle of the clay layer. Estimate the primary consolidation set- 
tlement of the clay. Assume the soil above the water table to be saturated, C, — 
0.3 and G, = 2.7. 
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FIGURE E4.1 








own and draw a diagram 
given the stratigraphy, 
lowing soil parameters and 









of the soil profile (see Fig. E4.1). In this 
groundwater level, vertical stress incr 
soil condition: 







e, (for sand) = 0.76; w (fo 
H, = 2 m, Ac, = 140 kPa 















— {2.1 +0.76 = 3 
Em - ( 13 076 Jos = 19.3 kN/m 
{21-1 - - 
= [E " js = 9.5 kN/m 


— +, = 19.3 — 9.8 = 9.5 kN/m? 


: = wG, = 2.7 X 0.43 = 1.16; 
| -1V _ /27-1\ I 
y T Jre = E x js = 7.7 kN/m 
e vertical effective stress at the mid-depth of the clay layer is 


0, — (19.3 x 3) 4 (9.5 X 7.4) + (7.7 X 1) = 135.9 kPa 





Step 2: Calculate the increase of stress at the mid-depth of the clay layer. 
You do not need to calculate Ao, for this problem. It is given as Ao, 
= 140 kPa. 


Step 3: Calculate ofp. 
Shin = Oro + Ao, = 135.9 + 140 = 275.9 kPa 
Step 4: Calculate the primary consolidation settlement. 


x 0.3 log = = 0.085 m = 85 mm 


Z Ha gi lo O fin Z 


2 
Be Fe cl. 141416 
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EXAMPLE 4.2 


Assume the same soil stratigraphy as in Example 4.1. But now the clay is over- 
consolidated with an OCR = 2.5, w = 38%, and C, = 0.05. All other soil values 
given in Example 4.1 remain unchanged. Determine the primary consolidation 
settlement of the clay. 











check whether 













Strategy Since the soil is overconsolidated, you will have 
the preconsolidation stress is less than or greater than the 
vertical effective stress and the applied vertical stress at e clay. 
This check will determine the appropriate equation to us à 
unit weight of the sand is unchanged but the clay has chan 














Solution 4.2 
Step 1: Calculate o!, and e, at mid-depth o clay 





You should note that this se i al compared withthe 


Clay: e, = wG, = 0.38 X 2. 





+ (8.2 X 1) = ote that the 
stress fro i j 






O fin 2 276.4 


X U. zx (): = 
ss 1} 103 0.05 log 7355 0.015 m — 15 mm 











EXAMPLE 4.3 


Assume the same soil stratigraphy and soil parameters as in Example 4.2 except 
that the clay has an overconsolidation ratio of 1.5. Determine the primary con- 
solidation settlement of the clay. 


Strategy Since the soil is overconsolidated, you will have to check whether 
the preconsolidation stress is less than or greater than the sum of the current 
vertical effective stress and the applied vertical stress at the center of the clay. 
This check will determine the appropriate equation to use. 
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Solution 4.3 


Step 1: Calculate o;, and e,. 
From Example 4.2, o!, = 136.4 kPa. 


Step 2: Calculate the preconsolidation stress. 
oi. — 1364 x LS = 204.6 kiPa 







Step 3: Calculate o;;,. 







Thin = Olo + Ao, = 136.4 140 32764 kPa 
Step 4: Check if o, is less than or greater tha 


(oí, — 276.4 













a buil oundation at a site is shown in Fig. E4.4. 
ume compressibility of the clay ism, = 5 X 107* m?/ 
solidation settlement. 


rease in the clay layer from the building load. Since the clay 

ill'have to use the vertical stress influence values in Appendix 
rough base, we can use the influence values specified by Milovic 
71) or if we assume a smooth base we can use the values spec- 
c (1961). The clay layer is 10 m thick, so it is best to subdivide the 
clay layer into sublayers =2 m thick. 


Foundation: width B = 10 m, length L. = 20 m 


200 kPa 
nel. 


FIGURE E4.4 
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Solution 4.4 


Step 1: Find the vertical stress increase at the center of the clay layer below 
the foundation. 
Divide the clay layer into five sublayers, each of thickness 2 
is, H,, = 2 m. Find the vertical stress increase at the midd! 
sublayer under the center of the rectangular foundation. 
rough base and use Table B1 (Appendix B). 














B = 10m, L = 20m, Z =2, g= 








Step 2: Calculate the 


d results from the bias toward the top 
u 


EXAMPLE 4.5 


A laboratory test on a saturated clay taken at a depth of 10 m below the ground 
surface gave the following results: C, — 0.3, C, — 0.08, OCR = 5, w = 23%, and 
G, — 2.7. The groundwater level is at the surface. Determine and plot the vari- 
ation of water content and overconsolidation ratio with depth up to 50 m. 


Strategy The overconsolidation state lies on the unloading/reloading line 
(Fig. 4.3), so you need to find an equation for this line using the data given. 
Identify what given data is relevant to finding the equation for the unloading/ 
reloading line. Here you are given the slope, C,, so you need to use the other 
data to find the complete question. You can find the coordinate of one point on 
the unloading/reloading line from the water content and the depth as shown in 
Step 1. 
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Solution 4.5 


Step 1; Determine e, and o;,. 


(6-1). _ (27-1) 
To gaging le Bet 


e, = Gw = 2.7 X 0.23 = 0.621 







' the unloading/reloading line is 
e = 0.565 + 0.08 log(OCR) (1) 


w = 0.209 + 0.03 ios ( 3^) 
You can now substitute values of z from 1 to 50 and find w and 
substitute e = wG, in Eq. (1) to find the OCR. The table below shows 
the calculated values and the results, which are plotted in Fig. E4.5b. 








w (96) and OCR 
w (%) OCR po 10.0 20.0 30.0 40.0 50.0 60.0 
26.0 51.4 
23.9 10 s 
E 

23.0 5 E 
22.1 2. B 

2 2 
21.6 1.7 
21.2 1.2 
20.9 1.0 


FIGURE E4.5b 
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You should note that the soil becomes normally consolidated as the depth 
increases. This is a characteristic of real soils. B 


What's next ...So far, we have only considered how to determine the fin 
consolidation settlement. This settlement might take months or years 
pending essentially on the permeability of the soil, the soil thickness, d 
ditions, and the magnitude of the applied stress. Geotechnical engi 
know the magnitude of the final primary consolidation settlem 
of settlement so that the settlement at any given time can be e 

The next section deals with a theory to determine the sett 
Several assumptions are made in developing this the 
that many of the observations we made in Section 
theory. 






















4.5 ONE-DIMENSIONAL 
CONSOLIDATION THEORY 








4.5.1 Derivation of Go 


the theory 
f thickness dz 


area of the soil is constant (the soil is laterally 

constrain nge in volume is directly proportional to the change 
in height. 

2. At any depth, the change in vertical effective stress is equal to the change 
in excess pore water pressure at that depth. That is, do, = du. 





FIGURE 4.6 One-dimensional flow through a two-dimensional soil element. 


162 


CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


For our soil element in Fig. 4.6, the inflow of water is g, dA and the outflow 
over the elemental thickness dz is q, + (dg,/dz) dz dA. The change in flow is 
then (dq,/dz) dz dA. The rate of change in volume of water expelled, which is 
equal to the rate of change of volume of the soil, must equal the change in flow. 
That is, 













x p» (4.20) 

Recall [Eq. (4.2)] that the volumetric strain £, — and therefore 
de 

dM er E dz dA = m, ðo (4.21) 


Substituting Eq. (4.21) into Eq. (4.20 


(4.22) 
The one-dimensional flow « i 
k,i = Ak, a (4.23) 
where k, is the coeffi af pe ility i Sk 
Partial di . (4. sp gives 


xperiment in Section 4.3 is 










(4.24) 


(4.25) 
f Eq. (4.25) with respect to z gives 
1 ğu 
"x a (4.26) 
.26) into Eq. (4.24), we get 

ddo _ ks Pu 
ðZ Yw üz? Cen 

.22) and Eq. (4.27), we obtain 
oy OR f (4.28) 


0 m,y,óz 


We can replace 


k, 





by a coefficient C, called the coefficient of consolidation 

The units for C, are length?/time, for example, cm?/min. Rewriting Eq. (4.28) by 
substituting C,, we get the general equation for one-dimensional consolidation 
as 





; (4.29) 
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This equation describes the spatial variation of excess pore water pressure (Au) 
with time (£t) and depth (z). It is a common equation in many branches of engi- 
neering. For example, the heat diffusion equation commonly used in mechanical 
engineering is similar to Eq. (4.29) except that temperature, T, replaces u and 
heat factor, K, replaces C,.. Equation (4.29) is sometimes called the Ter, 
dimensional consolidation equation because Terzaghi (1925) devel 

In the derivation of Eq. (4.29), we tacitly assumed that k, an 





















are reduced and k, decreases. Also, m, is not linearly rel 
The consequence of k, and m, not being constants is tha 
In practice, C, is assumed to be a constant and this assumpti 
if the stress changes are small enough such that 
significantly. 


The essential point is: 

I. The one-dimensional consolida 
changes in excess pore water [ 
with time. We need to know the € 
time because we have fo "fé 


ensional consolidation 
the top and bottom 
he Fourier series and the 
eme. The latter is simpler 


What's next ...In the next se 
equation is found for 
boundaries using two 








sures at the bou ies, we can obtain solutions for the — variation of excess 
pore water pressu ith time and depth. Various distributions of pore water 
pressures within a soil layer are possible. Two of these are shown in Fig. 4.7. One 
of these is a uniform distribution of initial excess pore water pressure with depth 
(Fig. 4.7a). This may occur in a thin layer of fine-grained soils. The other (Fig. 
4.7b) 1s a triangular distribution. This may occur in a thick layer of fine-grained 
soils. 

The boundary conditions for a uniform distribution of initial excess pore 
water pressure in which double drainage occurs are 


When t — 0, Au = Au, = Ao,. 
At the top boundary, z = 0, Au = 0. 


At the bottom boundary, z = 2H4,,, Au = 0, where Hg, is the length of the 
drainage path. 
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Ce 
















(a) Uniform distribution 


distribution with depth: (a) 
uniform distribution with depth in ) triangular distribution with 


depth in a thick layer. 





hich satisfies these 





A solution for the goverr ation equation 
boundary conditions, is obtaine g the Fourier series, 








(4.30) 
where M = (m/2)( | A pos eger with values from 0 to o» 
and 

(4.31) 

where F, is known he time factor; it is a dimensionless term. 
A plot of Eq: gives the variation of excess pore water pressure with 
th at diffe j s examine Eq. (4.30) for an arbitrarily selected 
isochrone at 1 e factor T, as shown in Fig. 4.8. At time ¢ = 0 (7, 
= 0), the dni ess pore water pressure, Au,, is equal to the applied vertical 


ure will immediately fall to zero at the permeable boundaries. 
cess pore water pressure occurs at the center of the soil layer 
because inage path there is the longest, as obtained earlier in our exper- 
iment in Section 4.3. 

At time ¢ > 0, the total applied vertical stress increment Ao, at a depth z 
is equal to the sum of the vertical effective stress increment Ac! and the excess 
pore water pressure Au,. After considerable time (t — 9), the excess pore water 
pressure decreases to zero and the vertical effective stress increment becomes 
equal to the vertical total stress increment. 

We now define a parameter, U,, called the degree of consolidation or con- 
solidation ratio, which gives us the amount of consolidation completed at a par- 
ticular time and depth. This parameter can be expressed mathematically as 


_< (a 


exp( C M?T,) (4.32) 


m=O M Ha, 
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FIGURE 4.8 An eochrons üffustretina the theoretical exces 
distribution with depth. 


The consolidation ratio is equal to zero everywhe 
solidation (Au, = Au,) but increases to unit 
pressure dissipates. 

A geotechnical engineer is often conc 
consolidation, U, of a whole layer at a 


ing of the con- 
xcess pore water 


pressure. 
A conve E ions for double drainage, found by curve fitting 
Fig. 4.9, is 





Triangular initial excess pore 
water pressure 


U (95 


Uniform initial excess pore 
... water pressure 


0 02 0.4 0.6 0.8 1 12 14 
T 


4 


FIGURE 4.9 Relationship between time factor and average degree of 
consolidation for a uniform distribution and a triangular distribution of initial 
excess pore water pressure. 


166 CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


and 
T, — 1.781 — 0.933 log(100 — U) for U = 60% (4.35) 








The time factor corresponding to every 10% of average degree of consol- 
idation for double drainage conditions is shown in the inse in Fig. 4.9. The 
time factors corresponding to 50% and 90% consolidation are often used in in- 
terpreting consolidation test results. You should remember that 7, = 0.848 for 
9096 consolidation, and 7, — 0.197 for 5096 consolidation. 


















4.5.3 Finite Difference Solution of th 
Governing Consolidation Equ 


Numerical methods (finite differenceyfinite element, and boundary element) pro- 
vide approximate solutions to di ial'an egral equations for boundary 
conditions in which closed form S) are not possible. 
We will use the finite differe ion to the consoli- 
it differential equa- 
tion using Taylor's theore spreadsheet 
applications. 


Using Taylor's 


(4.36) 





(4.37) 


s and rows represent soil depth divisions. The 
is that the excess pore water pressure between 





C, At 
Uj jot = Uj; + (Az (uj); — Qu; j + TE (4.38) 
Equation (4.38) is valid for nodes that are not boundary nodes. There are 
special conditions that apply to boundary nodes. For example, at an impermeable 
boundary, no flow across it can occur and, consequently, du/dz = 0 for which the 
finite difference equation is 
au 1 


az " 0 = 2Az (Uj), ud Uii) - 0 (4.39) 


and the governing consolidation equation becomes 


(4.40) 





4.5 ONE-DIMENSIONAL CONSOLIDATION THEORY 167 


To determine how the pore water pressure is distributed within a soil at a 
given time, we have to establish the initial excess pore water pressure at the 
boundaries. Once we do this, we have to estimate the variation of the initial 
excess pore water pressure within the soil. We may, for example, assume a linear 















interior of the soil or use linear interpolation. Then you succ 
(4.38) to each interior nodal point and replace the old va 
culated value until the old value and the new value differ 
At impermeable boundaries, you have to apply Eq. (4.40). 

The procedure to apply the finite difference 
idation equation to determine the variation of er pressure with 
time and depth is as follows: 


total time. A nodal poi 
elapsed time. To avoid co 
«a — C, Atl(AzY 
subdivisions in 
time step A/ is s 
usually 


2. Identify 
drainage 


H, = mAz 


a A 
FIGURE 4.10 Division of a soil layer into a depth (row)-time (column) grid. 


^ 


168 CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


4. Calculate the excess pore water pressure at interior nodes using Eq. (4.38) 
and at impermeable boundary nodes using Eq. (4.40). If the boundary is 
permeable, then the excess pore water pressure is zero at all nodes on this 
boundary. 









The essential points are: 
I. An ideal soil (isotropic, homogeneous, satu in devel- 
oping the governing one-dimensional consolida equation. 


2. Strains are assumed to be small. 


3. Excess pore water pressure dissipa he time, soil thick- 
ness, drainage conditions, and 

4. The decrease in initial exc ' re causes an equivalent 
increase in vertical effectiv em es. 

5. The average degree of conventionally used to find the 
time rate of settlem 


EXAMPLE 4.6 

















layérs of sand. The initial 
kPa and the pore water 
t the center of the clay layer 
t is the vertical effective stress and 


ay layer when 60% consolidation 


the increment in applied stress and the degree of 
t the initial change in excess pore water pressure is 


ion 






Step 1: .Calculáte the initial excess pore water pressure. 






Au, = Ao, = 100 kPa 


Step 2: Calculate the current excess pore water pressure at 60% 
consolidation. From Eq. (4.32), 


Au, = Au,(1 — U,) — 100(1 — 0.6) = 40 kPa 
Step 3: Calculate the vertical total stress and total excess pore water pressure. 


Vertical total stress: Ao, = 200 + 100 = 300 kPa 
Total pore water pressure: 100 + 40 = 140 kPa 


Step 4: Calculate the current vertical effective stress. 


0; — 0, — Au, = 300 — 140 = 160 kPa 
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Alternatively: 


Step 1: Calculate the initial vertical effective stress. 


Initial vertical effective stress = 200 — 100 = 100 kPa 






Step 2: Same as Step 2 above. 
Step 3: Calculate the increase in vertical effective stress at 6095 c lidati 







Ag; = 100 — 40 — 60 kPa 
Step 4: Calculate the current vertical effective stress. 


oi = 100 + 60 = a 


EXAMPLE 4.7 


A layer of soft clay, 5 m thick, is drained 








months using the finite differe 
is 8 x 107° cm?/s. 







at each node at time t = 
lvlead to a < $. The top 
excess pore water pressure is 
se a spreadsheet or write a 






boundary is a 
zero for all tim 






C, —8 X 10 * cm?/s — 8 X 107 m?/s = 2.52 m*lyr 
Assume Ar — 0.1 vr. 


C, At _ 2.52 x 0.1 
acm ee OS FOS 





Step 2: Identify boundary conditions. 
The bottom boundary is impermeable, therefore Eq. (4.40) applies to 
the nodes along this boundary. The top boundary is pervious, 
therefore the excess pore water pressure is zero at all times greater 
than zero. 


170 CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


Step X Determine the distribution of initial excess pore water pressure. 
You are given the distribution of initial excess pore water pressure as 
Au, = 80 — 2z?. At time t = 0 (column 1), insert the nodal values of 
initial excess for water pressure. For example, at row 2, column 1 
(node 2), Au, — 80 — 2 x 1? 7 78 kPa. The initjdl excess pore water 
pressures are listed in column 1; see the table 









Step 4: Calculate the excess pore water pressure 
The governing equation, except at the i 


Let us calculate the excess por after 0.1 yr at the 
node located at row 2, colu 


e complete results, after 
n in the table belo 





What's next...We have only described primary consolidation settlement. The other 
part of the total consolidation settlement is secondary compression, which will be 
discussed next. 
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4.6 SECONDARY COMPRESSION SETTLEMENT 





You will recall from our experiment in Section 4.3 that consolidation settlement 
consisted of two parts. The first part is primary consolidation, which occurs at 
early times. The second part is secondary compression, or creep, w takes 
place under a constant vertical effective stress. The physical reasons for second- 
ary compression in soils are not fully understood. One plausible 
the expulsion of water from micropores; another is viscous défor 
soil structure. 

We can make a plot of void ratio versus the logart rom our 
experimental data in Section 4.3, as shown in Fig. 4.11. Pri lidation is 
assumed to end at the intersection of the projecti ight parts of 
the curve. 

The secondary compression index is 


C aae (e € A 
E log(r/t,)& ERG A 


where (fp, €p) is the coordinate at the im 













of time curve and (t, e,) is th gordinate 5 
pression curve as shown in Fig\4.1 +. The j ttlement is 


meters. 


Primary consolidation 


Secondary compression 


log 1 


FIGURE 4.11 Secondary compression. 


N h 
| i 
i p 


172 CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


4.7 ONE-DIMENSIONAL CONSOLIDATION 
LABORATORY TEST 





4.7.1 Oedometer Test 


The one-dimensional consolidation test, called the oedom 
Ces Cr C,, C,, m,, and o;,. The coefficient of permeabili 


stiff metal ring and placed between two porous st 
filled with water, as shown in Fig. 4.12. ; 
the upper porous stone transmits the a 
to the soil sample. Both the metal 
vertically inside the ring as the soi 
ring containing the soil camp’ 


and the settlement of the soi 
is measured by a me 


Applied load 


Ring 


Soil sample 


(b) Fixed ring cell 


Applied load ER t 


Ring 













(c) Floating ring cell 












r test, is used to find 
, k,, can also be cal- 


by a collar (fixed 
120). 
lied to the platen 






t, the apparatus is dismantled and tħe water 
ermined. It is best to unload the soil sample to a 
the apparatus, because if you remove the final 


Displacement gauge 


Porous stone 


Displacement gauge 


Soil sample 


Porous stone 


FIGURE 4.12 (a) A typical consolidation apparatus (Photo courtesy of Geotest.) 


(b) a fixed ring cell and (c) a floating ring cell. 
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consolidation load completely, a negative excess pore water pressure that equals 
the final consolidation pressure would develop. This negative excess pore water 
pressure can cause water to flow into the soil and increase the soil's water content. 
Consequently, the final void ratio calculated from the final water content would 
be erroneous. 

The data obtained from the one-dimensional consolidationytest are as 
follows: 
















1. Initial height of the soil, Ho, which is fixed by the hei 


2. Current height of the soil at various time intervals un (time— 
settlement data). 
3. Water content at the beginning and at the en e dry weight 


of the soil at the end of the test. 


You now have to use these data to deter 
We will start with finding C,. 


e C. E, 


4.7.2 Determination of the 
Coefficient of Consoli 


or f juge reading as shown in Fig. 
will assume that this point corresponds to 9096 consolidation (U — 9096) 


A B 
= 
1.15WT), 


FIGURE 4.13 Correction of laboratory early time response to determine C,. 
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for which T, = 0.848 (Fig. 4.9). If point C were to lie on a straight line, the 
theoretical relationship between U and T, would be U — 0.98 V/T,; that is, if you 
substitute T, = 0.848, you get U = 90%. 

At early times, the theoretical relationship between U and T, is given by 
Eq. (4.34); that is, 










———— 


U = i f, = 1.13V 7,3 


TT 


The laboratory early time response is represente 
4.13. You should note that O is below the initi 


tion is achieved 


quare root of times. 


itial part of the curve intersecting 
2) at.O and the abscissa ( V'time) at A. 
itis Vta. 





Displacement gauge reading 


Ntime 





FIGURE 4.14 Root time method to determine C. 
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6. The intersection of the line OB with the curve, point C, gives the displace- 
ment gauge reading and the time for 90% consolidation (fo99). You should 
note that the value read off the abscissa is Vfop. Now when U = 90%, T, 
= 0.848 (Fig. 4.9) and from Eq. (4.31) we obtain 


0.848H4, 


[oo 

















Cj. = (4.43) 


where Ha is the length of the drainage path. 


4.7.2.2 Log Time Method In the log time method, thi acement gauge 
readings are plotted against the logarithm of time e obtained is 
shown in Fig. 4.15. The theoretical early time 
logarithm of times versus displacement gau 
4.3). The experimental early time curve is 
tion is often required. 

The procedure, with reference tó 


compression to intersec 
gauge reading for 10096 


Displacement gauge reading 


log t 


FIGURE 4.15 Log time method to determine C,. 
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5. You will recall (Fig. 4.9) that the time factor for 50% consolidation is 0.197 
and from Eq. (4.31) we obtain 


k 0.197 H5, 


[so 


C; (4.44) 












The log time method makes use of the early consolidation) and 
later time responses (secondary compression) w e ime method only 
utilizes the early time response, which is expec traight line. In theory, 
the root time method should give good results e when nonlinearities arising 
from secondary compression cause su tial ions from the expected 
straight line. These deviations are in fine-grained soils with 
organic materials. 
















test, we detérmined the water 
ial height (#7), and the specific 
gravity (G, ratio for each loading 


step as follows: 


settlement of the soil sample during the 
s the final displacement gauge reading 


(AZ) cin 
— He 
H, 


€ün T 
e," 


4. Calculate e for each loading step using Eq. (4.6). 


4.7.2.4 Determination of the Preconsolidation Stress 


Now that we have calculated e for each loading step, we can plot a graph of the 
void ratio versus the logarithm of vertical effective stress as shown in Fig. 4.16. 
We will call Fig. 4.16 the e versus log o; curve. You will now determine the 
preconsolidation stress using a method proposed by Casagrande (1936). 
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Horizontal line 


~ 
"ss 


E 
~ 
"A on 
~ 


Bisector 











Tangent 


; > logo, 
Fie 


FIGURE 4.16 Determination of the preco idatiOn stress’ using Casagrande's 
method. 





The procedure, with reference 6, is as follows: 


the initial part of the 


e at F as shown in Fig. 4.17. The abscissa of 


logo; 


9x 


FIGURE 4.17 A simplified method of determining the preconsolidation stress. 
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Both of these methods are based on individual judgment. The actual value 
of oa;. for real soils is more difficult to ascertain than described above. Degra- 
dation of the soil from its intact condition caused by sampling, transportation, 
handling, and sample preparation usually does not produce the ideal curve shown 
in Fig. 4.16. 

















4.7.2.5 Determination of Compression 
and Recompression Indices 


The slope of the normal consolidation line, BA, g ression index, C,. 


To determine the recompression index, C, 


match recorded settlement 
and sample preparation te 
gested a correction to the 
situ value of C,. Hi 
€») and a point B at 





rsus log o; curve, as 
value for C.. 


, is found from plotting a curve similar 
hown in this figure. You do not need 
. You need the final change in height at 
and then you calculate the vertical strain, £, — Az/ 


nge of vertical effective stress that is used in the 
value for m, can be obtained by finding the slope 


ĉo 
Corrected C, 


C, without correction 


0.42 eo 


FIGURE 4.18 Schmertmann’s method to correct C, for soil disturbances. 
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4.7.2.7 Determination of the 
Secondary Compression Index 


The secondary compression index, C,, can be found by making a plot similar to 
Fig. 4.11. You should note that Fig. 4.11 is for a single load. The value of C, 
usually varies with the magnitude of the applied loads and other fac | 
the LIR. 












What's next ...Three examples and their solutions are presentec 
how to find various consolidation soil parameters as discusse : 
examples are intended to illustrate the determination of the com} ion indices and 
how to use them to make predictions. The third exam 
using the root time method. 


EXAMPLE 4.8 
At a vertical stress of 200 kPa, the voic 









would 


Strategy 
this sketch to a 


C. is the n in Fig. E4.8. 
| -(143 — 1.52) 


* — log(350/200) 








= 0.37 


log c. (kPa) 
200 350 500 " 


FIGURE E4.8 
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Step 2: Determine C,. 
C, is the slope of BC in Fig. E4.8. 


—(1.43 — 1.45) 
= st es; 
‘~~ Jog(350/200) = 







Step 3: Determine the overconsolidation ratio. 












Preconsolidation effective stress: a}. 50 kP 


Current vertical effective stress: 


Step 4: Calculate the void ratio at 50 
The void ratio at 500 kPa i id'ratio at D on the normal 
consolidation line (Fig. 










the data, you 
creas ical effective stres 
m,, and E; are Eqs. (4.10) and 





propriate equations to use to calculate 








Solution 4.9 





Step 2:- Calculate the modulus of volume recompressibility. 


m,, = — = —— = 1.9 Xx 107* m'kN 


Be = — = sc naa 92603: kPa 


EXAMPLE 4.10 


The following readings were taken for an increment of vertical stress of 20 kPa 
in an oedometer test on a saturated clay sample, 75 mm in diameter and 20 mm 
thick. Drainage was permitted from the top and bottom boundaries. 
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Time 0.25 1 2.25 4 9 16 25 36 24 hours 
(min) 
AH 0.12 0.23 0.33 0.43 0.59 0.68 0.74 0.76 0.89 


(mm) 






Strategy Plot the data in a graph of displacement re 
follow the procedures in Section 4.7.2.1. 







Solution 4.10 
Step 1: Make a plot of settlement (decrea 
shown in Fig. E4.10. 


Step 2: Follow the procedures outi 
From Fig. E4.10, 





















ath. The current height is 20 


E 20 + 19.1 


4 — 9.8 mm 


= 7.8 mm/min 





Settlement (mm) 


Yr (min?) 
FIGURE E4.10 n 
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What's next...We have described the consolidation test of a small sample of soil 
and the soil consolidation parameters that can be obtained. What is the relationship 
between this small test sample and the soil in the field? Can you readily calculate the 
settlement of the soil in the field based on the results of your consolidation test? The 
next section provides the relationship between the small test sa e and the soil in 
the field. 







4.8 RELATIONSHIP BETWEEN LABORAT 
AND FIELD CONSOLIDATION 











same clay have the same degree idation, then their time factors and 
coefficients of consolidation are 


(C,t) ea 










=: 4.45 
(Har) ties ( 
and, by simplification, 
(4.46) 
What's next...The following example ou how to find the expected field 









) mm high, taken from a clay layer 10 m 
ter with drainage at the upper and lower bound- 


e, calculate how long it will take the 10 m clay layer to achieve 
nsolidation. 


Strategy You are given all the data to directly use Eq. (4.46). For part (1) 
there is double drainage in the field and the lab, so the drainage path is one-half 
the soil thickness. For part (2), there is single drainage in the field, so the drainage 
path is equal to the soil thickness. 


Solution 4.11 
(1) We proceed as follows: 
Step 1: Calculate the drainage path. 


20 10 
(Hoar )iab = > = 10 mm = 0.01 m, (Hac)nea = 2 =5m 
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Step 2: Calculate the field time using Eq. (4.46). 


| trawl Hac) eta 15x 5* | Te | 
— —— = s w | — : 
eld (H3, we Gor? 375 x 10* min - 7.13 years 





(2) We proceed as follows: 
















Step I: Calculate the drainage path. 
(Hu) = > = 10 mm = 0.01 m; 
Step 2: Calculate field time using Eq. (4.46). 


E lanl H de) tiers _ 15 X10 


l; wda 77 ; 
Wwe ns 0.01 


You should take note that if drainage 





4.9 TYPICAL VALUES | 
SETTLEMENT PAR: i 
AND EMPIRICAL RELATI LATIONSI PS 


ple Soil tests and consolidation settlement param- 
d be cautious in using these relationships be- 
your soil type. 






Empirical Relationships 

C. - 0.009(w,, — 10) (Skempton, 1944) 

C. = 0.40(e, — 0.25) (Azzouz et al., 1976) 

C. = 0.01(w — 5) (Azzouz et al., 1976) 

C. = 0.37(e, + 0.003w,, — 0.34) (Azzouz et al., 1976) 

C, — 0.00234w, 1 G, (Nagaraj and Murthy, 1986) 
C, = 0.15(e, + 0.007) (Azzouz et al., 1976) 

C, = 0.003(w + 7) (Azzouz et al., 1976) 

C, = 0.126(e, + 0.003w,, — 0.06) (Azzouz et al., 1976) 

C, = 0.000463, G, (Nagaraj and Murthy, 1985) 


w is the natural water content (96), w,, 1s the liquid limit (96), e, 
is the initial void ratio 
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What's next ...Sometimes, we may have to build structures on a site for which the 
calculated settlement of the soil is intolerable. One popular method to reduce the 
consolidation settlement to tolerable limits is to preload the soil and use sand drains 
to speed up the drainage of the excess pore water pressure. Next, we will discuss 

Y settlement of soft 


sand drains. 
The purpose of sand drains is to accelerate the — 
sand. dráin is constructed by 


saturated clays by reducing the drainage path. A 
om a borehole eta the soil ending pervious boundary, for ex- 
> is then back-filled with coarse- 


an impervious boundary is 
. the drain may penetrate into a 
ater to be expelled 








4.10 SAND DRAINS 





























ps Settlement rod 
Settle ile after Piezometer >} * ` 


ae my 


he 
e 













Lateral 
drainage 





FIGURE 4.19 (a) Vertical section of a half-closed sand drain. (b) Plan of a square 
grid sand drain. (c) Plan of a triangular grid sand drain. 
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sional consolidation two-way drainage reduces the time for a given degree of 
consolidation by four times compared with single drainage. 

The diameter of sand drains ranges from about 200 to 600 mm. The di- 
ameter required must only be large enough to drain the pore water and prevent 
premature clogging from fines in the soil to be drained. Filter fabries are now 
commonly used at the interface of the natural soil and the back fill to prevent 
clogging. The spacing of sand drains depends on the permeabilit 
the desired time to achieve the required degree of consolidation 
the drains must be less than the thickness of the soil layer. T 
from 2 m to about 5 m in either a square or triangular gri 
pore water from an applied loading drains radially toward 
radius of influence p: each drain IS gs 0. 56 s fora: 














and the initi: 
time, and R 








ment is uneven, as shown in Fig. 4.19. 
ttlement is forced to be uniform (rigid 
load is not uniformly distributed, Richart 
s in the two cases are small and the solution 
ractice and shown in Fig. 4.20. 


FIGURE 4.20 Time factor for radial consolidation. 
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The time factor for consolidation in the vertical direction is given by Eq. 
(4.31) while the time factor for consolidation in the radial direction (T,) is 


Cyt 


tn 4R? 


(4.48) 














The permeability of the soi! in the horizontal or ra al direction is some- 
times much greater (2 to 10 times for many soils) t 
(Chapter 2) and, consequently, C, is greater tha 
During drilling of the borehole and installation 
at the interface of the drain is often remolded. T 
is called a smear zone. The values of C C, n much lower in the 
smear zone than in the natural soil. It i 
and C, to account for the smear zone: 

The average degree of consofidati ical and radial dissipation of 
pore water pressure (U,,) is 


€ 
I 
T 
NM 
— 
o 
n3 


d U in n Eq. (4.49) and find U,; U, - -1-(1-Uy( — 


erms of n by solving T, = C,t/AR? = C,,t/4(nra)’, where rg is the 
radius of the drain and 5n — R/r,. 


8. You now have to find a value of T, such that the degree of consolidation 
matches U, calculated in Step 6. You do this by iteration since you do not 
know either T, or n. Select a value of n from the values shown in Fig. 4.20 
and find T,. Determine U, from the curve corresponding to the selected 
value of n. Compare this value of U, with U, calculated in Step 6. If they 
are not approximately equal (<10% difference) then reiterate until you get 
a Satisfactory solution. You may interpolate from Fig. 4.20 for intermediate 
values of n from 5 to 100. You can also plot a graph of n versus U, and find 
the n value corresponding to the desired U, (Step 6). 


9. Calculate the spacing, s, depending on the grid you desire. For a square 
grid s — 1.8R = 1.8nr, and for a triangular grid s = 1.9R = 1.9nr,. 
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EXAMPLE 4.12 


A foundation for a structure is to be constructed on a soft deposit of clay. Below 
the soft clay is a stiff overconsolidated clay 20 m thick. The calculated settlement 
cannot be tolerated and it was decided that the soil should be preconsolidated 
by an embankment equivalent to the building load. The data avail 





, ^ 6 m'lyr, C, — 10 m"yr, m, — 02 m'/MN 


The foundation size is 10 m x 10 m and q, — 400 kPa. The « 
mm. Determine the spacing of a square grid of the sand 
consolidation in 4 months. 















Strategy Follow the procedure outlined in Sect 





Solution 4.12 


Step 1: The given values are: 









Step 2: Calculate the prima 
average increa 
the center 





€ system is half-closed (stiff clay layer at bottom is 
assumed impervious), Therefore, Hy. = H, = 20 m. 


4 
Ct oe 12 
To Hi^ COF 0.005 


Determine U. 
From Fig. 4.9, U = 8% for T, — 0.005. 
Find U,. 
From Eq. (4.49), 
Le Eh. 1-09 


U,=1-—“*=1-- = 0.8 
=i 1-U l 1 008 0.89 
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Step 7: Determine 7,. 







Step 8: Determine n. 
Try n = 3: 


From Fig. 4.20 with 7, = 1.48, U, 


Step 9: 


4.11. LATERAL BARTHPRESSURE A 
DUE TO OVERGUNSOLIBATION 


The lateral Mash orf ure coefficiet 


aliy consolidated 


Ko 7 03/0, was presented in Section 
œ is reasonably predicted by an 


(4.50) 


well is an equation proposed by Meyerhoff (1976) as 





K& = K®*(OCR)'” = (1 — sin e. OCRy? (4.51) 


4.12 SUMMARY 





Consolidation settlement of a soil is a time-dependent process that depends on 
the soil's permeability, thickness and the drainage conditions. When an increment 
of vertical stress is applied to a soil, the instantaneous (initial) excess pore water 
pressure is equal to the vertical stress increment, With time, the initial excess 
pore water pressure decreases, the vertical effective stress increases by the 
amount of decrease of the initial excess pore water pressure, and settlement 
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increases, The consolidation settlement is made up of two parts—the early time 
response called primary consolidation and a later time response called secondary 
compression. 

Soils retain a memory of the past maximum effective stress, which may be 
erased by loading to a higher stress level. If the current vertical effective stress 
on a soil was never exceeded in the past (a normally consolidated would 
behave elastoplastically when stressed, If the current vertical eff 
a soil was exceeded in the past (an overconsolidated soil), it would behave elas- 
tically (approximately) for stresses less than its past maxi | 


















Practical Examples 







EXAMPLE 4.13 

A foundation for an oil tank ts proposed fora sitéwi il profile as shown in 
Fig. E4.13a. A specimen of the fine-grain | im in diameter. and 20 mm 
thick, was tested in an oedometer in a initial water content was 
62% and G, = 2.7. The vertical sut Were ied incre ach in- 


crement remaining on the speci 
negligible, The cumulative settlement 
as follows: 


Vertical stress (kPa) 
Settlement (mr) 





Timestmin) 


settle ent (mm) | 


g 16 36 64 100 
0.71 0.79 0,86 0.91 0.93 







| rtical stresses of 90 kPa and 75 kPa at the top 
e-grained soil layer, respectively. You may assume that the 
distributed in this layer. 






layer when 
(b) Calculate and plot the settlement-time curve. 


ires Sand 













zm |y 518 kN/m? 
| * Ya = 19.4 KN/M” 
1m i 
| Fine-grained soil 
im (clay and silt mixtures) 


Fractured rock 


FIGURE E4.13a 


190 CHAPTER 4 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF FINE-GRAINED SOILS 


Strategy To calculate the primary consolidation settlement you need to know 
C, and C, or m,, and o;,, Ac, and o;,. Use the data given to find the values of 
these parameters. To find time for a given degree of consolidation, you need to 
find C, from the data. 









Solution 4.13 


Step 1: Find C, using the root time method. 

Use the data from the 240 kPa load ste 
V'time curve as depicted in Fig. E4.13b. 
in section 4.7 to find C,. From these 














| 


O ettlement versus 
w thé procedures set out 
min. 







X time. (min?) 











wa 


18.8 + 17.83 
= ae E T Pe 
; x (9.16Y? ae 
SEND sa 


= §9.3 x 107? m"/min 
void ratio at the end of each load step. 


ey ^ wG, — 0.62 x 27 — 1.67 


Equation (4.6): 





Az = _ Az F 
e = es H. (1 — e,) = 1.67 20 (1 + 1.67) 


1:67 — 13:35 x 10 Az 


ll 


The void ratio for each load step 1s shown in the table below. 


15 30 60 120 240 480 
1.66 1.66 1.64 1.52 1.38 1.25 


a; (kPa) 
Void ratio 





A plot of e — log o; versus e is shown in Fig. E4.13c. 
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Void ratio 





c; (kPa) 





FIGURE E4.13c 














Step 3: Determine g}. and C.. 
Follow the procedures in Sectio 






to 


16 kN/m? 
.8)1.5 = 54.9 kPa 







is very close to 1; that is, o} = Oje 
ly consolidated. Also, inspection of the e 
s that C, is approximately zero, which lends 
assumption that the soil is normally 





r practical 
Therefore, t 









- Ho Jio " Ac. 2 0;, * Ac, 
Pre = 74 167 oas( : ) = 0.17H, (22 29: 


teo 


Divide the clay layer into three sublayers of 1.0 m thick and compute 
the settlement for each sublayer. The primary consolidation 
settlement is the sum of the settlement of each sublayer. The vertical 
stress increase in the fine-grained soil layer is 


90 - (3075), = 90 - se 





where z is the depth below the top of the layer. Calculate the vertical 
stress increase at the center of each sublayer and then the settlement 
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from the above equation. The table below summarizes the 
computation. 










zZ cr, at center of Oi + Av, 
Layer (m) sublayer (kPa) Ac, (kPa) Ppe (mm) 






Settlement (mm) 






uU 26.3T, 

Pre 100 (days) 
20.4 0.2 
20.8 0.8 
61.3 1.9 
81.6 3.3 
102.1 5.2 
122.5 7.6 
142.9 10.6 
163.3 14.9 
183.7 22.3 

Time (days) 
1Q 15 20 25 


Settlement (mm) 
bsi 
Q tu 
o o 


— 
cn 
e 
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FIGURE E4.13d 


EXAMPLE 4.14 


A geotechnical engineer made a preliminary settlement analysis for a foundation 
of an office building, which is to be constructed at a location where the soil strata 
contain a compressible clay layer. She calculated 50 mm of primary consolidation 
settlement. The building will impose an average vertical stress of 15 | 













settlement. 


Solution 4.14 





Step 1: Estimate the new primary consolidation settlement due to th 


increase in thickness. 





(F2)o 
+ 19.6 
“(Ppele = 65 X MSS T 1989 — 73.5 mm 


150 El 


EXAMPLE 4.15 


The foundations supporting two columns of a building are shown in Fig. E4.15. 
An extensive soil investigation was not carried out and it was assumed in the 
design of the footing that the clay layer has a uniform thickness of 1.2 m. Two 
years after construction, the building settled with a differential settlement of 10 
mm. Walls of the building began to crack. The doors have not jammed but by 
measuring the out-of-vertical distance of the doors, it is estimated that they would 
become jammed if the differential settlement exceeded 24 mm. A subsequent 
soil investigation showed that the thickness of the clay layer was not uniform but 
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780 kN 






780 kN 










Foundation A Foundation B 
1.5mx1.5m 1.5mx1.5m 






Lo 
3 


Aegis gg a I 
p= -E.F g, pte i IR AU A. m ge H 


HE 


FIGURE E4.15 


Sol 
Step 1: 





Calculate the vertical «i at the center of the clay layer 


nder each ation. 
You can us 75) or Eq. (3.79) or, for a quick estimate, Eq. 





P 
^o: = EFL +) 
780 
da TS RASIS 38) V 
780 


(Ac;)g — — 422 kPa 


(1.5 + 2.8)(1.5 + 2.8) 
Note: For a more accurate value of Ac, you should use the vertical 
stress increase due to surface loads on multilayered soils (Poulos and 
Davis, 1974). 

Calculate the primary consolidation settlement. 

Use Eq. (4.18), pj. ^ Hn, Ac, to calculate the primary consolidation 
settlement. 


(osc)a — 1.2 X 0.7 X 10? x 30 2 252 X 10? m = 25.2 mm 
(Poca = 2.8 X 0.7 x 107? x 422 — 827 X 10? m — 82.7 mm 
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Step 3: Calculate the differential settlement. 
Differential settlement: 8 — 82.7 — 25.2 = 57.5 mm 


Step 4: Calculate the time for 24 mm differential settlement to occur. 



















Current differential settlement: 6. = 10 mm 
une: 6. | 
Degree of consolidation: U 2» — — == = 0.17 


From Eq. (434): T, = i ye = - x 0.172 = 0.037 
TH, _ 0.037 X (2.8/2)2 


From Bq. (4.31): C, = 


For 24 mm differential settlement: U 


THi 0: 


From Eq. (431): t= C 


Therefore, in the next 10. 
would be 24 mm. 








EXERCISES 


2.7 unless o 





the clay. The excess pore water pressure 
a value of u, at the top boundary and Hy (tts 






pore walter pressu 


with a value of zero at the top baundatyà and lis at the boticm Doundáty. Show that 


_ He do" = Ywllo dHo 
aige M As d 


43 Show that, for a linear elastic soil, 


— (19 v) - 2v) 
Te BG = wv) 


44 Show that, if an overconsolidated soil behaves like a linear elastic material, 


Ke = (OCR)KS — —— (OCR ~ 1) 
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4.5 The excess pore water pressure distribution in a 10 m thick clay varies linearly from 100 
kPa at the top to 10 kPa at the bottom of the layer when a vertical stress was applied. 
Assuming drainage only at the top of tbe clay layer, determine the excess pore water 
pressure in 1 year's time using the finite difference method if C, = 1.5 m’/yr. 







4.6 
4.7 
4.8 

ickness of the clay 

idation settlement. 

of 4.5? 
4.9 
by 100 kPa. If m dation settlement 
4.40 Two adjacent bri i ^s \ j ickness but with the same 


properties. 
#2 oe a 


o a 3 m thick layer while Pier 
thick layer. What is the differential 







16 36 64 100 
(min) 


ettlement 
(mm) 


0.73 0.90 0.95 0.97 











[A 











After 24 hours the 
to a sample 


settlement was negligible and the void ratio was 1.20, corresponding 
of 18.2 mm. Determine C, using the root time and the log time methods. 


4.12 A sample of saturated clay of height 20 mm and water content of 30% was tested in an 
oedometer. Loading and unloading of the sample were carried out. The thickness Hp of 
the sample at the end of each stress increment/decrement is shown in the table below. 


c (kPa) 
H, (mm) 


100 200 400 200 100 
20 19.31 18.62 18.68 18.75 





(a) Plot the results as void ratio versus log o:. 
(b) Determine C, and C,. 
(c) Determine m, between o; — 200 kPa and o: — 300 kPa. 
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4.13 A sample of saturated clay, taken from a depth of 5 m, was tested in a conventional 
oedometer. The table below gives the vertical stress and the corresponding thickness 
recorded during the test. 









800 
13.1 


100 
19.2 


200 
19.0 


400 
17.0 


800 
14.8 


1600 
12.6 


o; (kPa) 
himm) 








































(a) Plot the graph of void ratio versus log o;. 
(b) Determine C, and C,. 

(c) Determine m, between of = 400 kPa and o; = 500 
(d) Determine the relationship between e (void ratio. 
(e) Determine o;, using Casagrande's method. 


4.14 The following observations were recorded in an oe ple 100 mm 


in diameter and 30 mm high. 


on a clay sar 






Load (N) 
Displacement gauge reading (mm 


B 0 
0.98 1.24 1.62 1.4 


15 aud oven drying, 






At the end of the test, th 
its dry mass was 412.5 


(a) Calculate the rand 














ness of the soil ŝa initial void ratio and com- 


thickness. 


n thick sample of soil shows that 90% consol- 
—time curve for a 10 m layer of this clay in 


ettles 15 mm in 200 days after the building was 
r results, this settlement corresponds to an average 
t the settlement-time curve for a 10 year period, 


4317  Anoiltank is to be sited on’ a soft alluvial deposit of clay. Below the soft clay is a thick 
layer of stiff clay. lt was decided that a circular embankment with sand drains inserted 
into the clay would be constructed to preconsolidate the soil. The height of the embank- 
ment is 6 m and the saturated unit weight of the soil comprising the embankment is 
18 kN/m?. The following data are available: thickness of clay = 7 m, m, = 0.2 m?/MN, 
C, = 3.5 m/yr, C, = 6.2 m/yr, diameter of drain = 300 mm. The desired degree of 
consolidation is 90% in 6 months, Determine the spacing of a square grid of the sand 
drains such that when the tank is constructed the maximum primary consolidation should 
not exceed 20 mm. 


Practical 


4.18 Fig. P4.18 shows the soil profile at a site for a proposed office building. It is expected that 
the vertical stress at the top of the clay will increase by 150 kPa and at the bottom by 90 
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Impervious rock 





FIGURE P4.18 


kPa. Assuming a line 
settlement. [Hint; You s 


40 minutes. 
it take for 5 


0-5 m | 
At4m dwa evel 

m ly cons@lidated clay, y,.; = 17.5 kN/m? 
Below 10 m 















A building is tèbe cted on this site with its foundation at 2 m below ground level. 








The.building load.is 30 MN and the foundation is rectangular with a width of 10 m and 
length c m. A.sample of the clay was tested in an oedometer and the following results 
were obta 
















50 100 200 400 800 
0.945 0.895 0.815 0.750 0.705 


Vertical stress (kPa) 
Void ratio 





Calculate the primary consolidation settlement. Assuming that the primary consolidation 
took 5 years to achieve in the field, calculate the secondary compression for a period of 
10 years beyond primary consolidation. The secondary compression index is C,/6. [Hint: 
Determine e, for your o},, from a plot of e versus log o;.] 






CHAPTER 5 


SHEAR STRENGTH OF SOILS 










5.0 INTRODUCTION 





is C i dent on the strength of the soil. 
an collapse, langering lives and 
ength of soils is therefore o amount im- 
he > word strength is used loosely to mean 
shear strength, which is soil to shearing 
forces. Shear stre bearing capacity 
of soils, the sta echni i ing the stress-strain 
characteristics i 


The safety of any geotechnical 
If the soil fails, a structure 
causing economic damage. The * 
portance to geotechnice engi 
























art C 


f RVE ALILI RAS MS Y NS ee SA SS LAIC GA MYVI RRAR VARACA S MK 
Cyr mum LU us tau tos tr Nd E E CE S Lo SP ME exe ed Peers rm ah S a urere rag rame e e e amr e 


A — noth 
LII CIIMLI 





You will use the follc 


courses 


ng principles learned from previous chapters and other 





e Stresses, 
(Chapter 3) 


e Friction (statics and/or physics) 


ins, Mohr's circle of stresses and strains, and stress paths 


Sample Practical Situation You are the geotechnical engineer in charge 
of a soil exploration program for a dam and housing project. You are expected 
to specify laboratory and field tests to determine the shear strength of the soil 
and to recommend soil strength parameters for the design of the dam. 

In Fig. 5.1 a house is shown in a precarious position because the shear 
strength of the soil within the slope near the house was exceeded. Would you 
like this to be your house? The content of this chapter will help you to understand 
the shear behavior of soils so that you can prevent catastrophes like that shown 
in Fig. 5.1. 
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P 


FIGURE 5.1 Shear failure of Soil.under a house. (O Levérett Bradley/Tony Stone 
Images/New York, Inc.) 





5.1 DEFINITIONS OF KEY TERMS 


—— 





Shear strengthrof.a soil (7,) is the maxinjum internal resistance to applied shearing 
forces. 


Effective friction. angle (4) is measure ofthe shear strength of soils. 
Coligsion (c,) is a measure Of. the forces that cement particles of soil. 


Undrained shear stremgthr-(s,) iS:the^shear strength of a soil when sheared at 
constant volume. 


Critical state is a stress state peached in a soil when continuous shearing occurs 
at constant shear stresSand constant volume. 


Dilation is a measure of the change in volume of a soil when it is distorted by 
shearing. 


5.2 QUESTIONS TO GUIDE YOUR READING 





. What is meant by the shear strength of soils? 

. What factors affect the shear strength? 

. How is shear strength determined? 

. What are the assumptions in the Mohr-Coloumb failure criterion? 
. Do soils fail on a plane? 


Nuk Ww t9 Em 


. What are the differences between peak, critical, and residual effective fric- 
tion angles? 
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7. What are peak shear strength, critical shear strength, and residual shear 
strength? 

8. Are there differences between the shear strengths of dense and loose sands 
or normally and overconsolidated clays? 





9. What are the differences between drained and undraine 






strengths? 


10. Under what conditions should the drained shear strength or the undrained 
shear strength parameters be used? 


11. What laboratory and field tests are used to det 


12. What are the differences between the results of 
tests? 
















13. How do I know what laboratory test t 













5.3 TYPICAL RESPONSE OF 
TO SHEARING FORCES 






subjected to tl for 
interparticle bonds and c 


s of soil by applying simple shear 
ii which we call Type I, rep- 


ays (OCR > 2. In classical peter. sim- 
ing under constant volume. In soil mechan- 





Expansion 
i Az 





=~ 4Z. » - ae 
fe) ee - 
(a) Original soil sample — (b) Simple shear deformation of (c) Simple shear deformation of 
Type | soils Type II soils 


FIGURE 5.2 Simple shear deformation of Type | and Type II soils. 
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on soil behavior. Since in simple shear £, = e, = 0, the volumetric strain is equal 
to the vertical strain, £, — Az/H,, where Az is the vertical displacement (positive 
for compression) and H, is the initial sample height. The shear strain is the small 
angular distortion expressed as y., = Ax/H,, where Ax is the horizontal 
displacement. 

We are going to summarize the important features of the 











two groups of soils when subjected to a constant vertical (n stress 
and increasing shear strain. We will consider the shear e shear 
strain, the volumetric strain versus the shear strain, a versus the 


shear strain responses, as illustrated in Fig. 5.3. 
When a shear band(s) develops in some type 

| the « hear band, causing 

cas t itical state shear stress. 
We will call this type of soil, Type II-AZ.2 | f AM. shear stress attained the 





s and overconsolidated clays 












| consblidated and light 
overconsolidated cl. 





"^ 







S 
Y l Type | soils 
a ! 
E l 
c I 
= i 
i ., Critical void ratio — 
I Kn nmm ar gn trio t m tcm 
| | f 
" Type I| soils 
i - 
| Uu = 
"s N lc) E 
n Type |i soils c 
i Ste, Z | 
Lid 
tan a= ax de 
dYa 
(b) 


FIGURE 5.3 Response of soils to shearing. 
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FIGURE 5.4 Radiographs of shear bands in a dense fin ? 2 circles 
are lead shot used to trace internal displacements; whit E 
(After Budhu, 1979.) 


Type I soils—loose sands, normally con lightly overconsolidated 
clays (OCR = 2)—are observed to: 


* Show gradual increase in shea 
hardens) until an approximé 
the critical state shear str 


e Compress, that is, they beco 
constant void ratio, 
5.30). 





clays (OCR > 2)—are 


eak value, 7,, at low shear 


din softening response generally results 
alled shear bands (Fig. 5.4). The thickness of 


ooser (Fig. 5.2c and Figs. 5.3b,c) until a critical void ratio 


(the same void ratio as Type I soils) is attained. 


The critical state shear stress is reached for all soils when no further volume 
change occurs under continued shearing. We will use the term critical state to 
define the stress state reached by a soil when no further change in shear stress 
and volume occurs under continuous shearing. 


5.3.1 Effects of Increasing the Normal 
Effective Stress 


So far, we have only used a single normal effective stress in our presentation of 
the responses of Type I and Type II soils. What is the effect of increasing the 
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normal effective stress? For Type I soils, the amount of compression and the 
magnitude of the critical state shear stress will increase (Figs. 5.5a,b). For Type 
II soils, the peak shear stress tends to disappear, the critical shear stress increases 
and the change in volume expansion decreases (Figs. 5.5a,b). 

If we were to plot the peak shear stress and the critical s 











1. An approximate straight line (OA, Fig. 5.5c) that li 
shear stress values of Type I and Type II soils. 
tween OA and the c; axis, the critical state fricti 
will be called the failure envelope because any s that lies on it is 
a critical state shear stress. 


2. A curve (OBCA, Fig. 5.5c) that lin 
Il soils. We will call OBC (the curs 


Par stress values for Type 
A). the peak shear stress 







(point 9) located on O 
stresses would lie on a lin 
and the o, axis, the.resid 


M! Type ti soiis 










E, 
E E 
29 | 
$ 
E 
o 
| Increasing normal 
* (exi effective stress 

5 : | (tal | =-= = | 
S . Type II sails Increasing normal p 
| effective sIress Type II soils 
us 

——— ÀH— Ce 

Vee 
(b) (d) 


FIGURE 5.5 Effects of increasing normal effective stresses on the response of 
soils. 
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5.3.2 Effects of Overconsolidation Ratio 


The initial state of the soil dictates the response of the soil to shearing forces. 
For example, two overconsolidated soils with different overconsolidation ratios 
but the same mineralogical composition would exhibit different peak shear 
stresses and volume expansion as shown in Fig. 5.6. The highe 






Expansion 


FIGURE 5.6 Effects of OCR on peak strength and volume expansion. 
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T 


Cy 


A. 


9, 


FIGURE 5.7 Peak shear stress envelope for cemented s 


5.3.3 Cemented Soils 


The particles of some soils are cemented (c 
shear strength even when the normal 
behave much like Type II soils excep 





re ses of soils to 
shearing forces. Can we interpret these responses imple model? In the next 
section, we will develop a inani ht into the behavior of soils 
that will later help ingth o 





5.4 SIMPLE MODEL FOR THE SHE 
OF —— SING CC m : ZF 


call Coulo aw from your courses in statics or physics. 

wooden block is chad ho ona across a table (Fig. 5.8a), the horizontal 
j ovement is 

= pW (5.1) 


t of static friction between the block and the table and 


OF normal force is called the friction angle, 6' — tan p. 
In terms of stresses, Coulomb's law is expressed as 


block. The angle between the resultant force and the 
ty = (02), tan $' (5.2) 













L 


(0), 





Slip plane 





Slip plane 


T, 


(a) (b) 
FIGURE 5.8 (a) Slip of a wooden block. (b) A slip plane in a soil mass. 
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where t; (= T/A, where T is the shear force at impending slip and A is the area 
of the plane parallel to T) is the shear stress when slip is initiated, (o;); 1s the 
normal effective stress on the plane on which slip is initiated. The subscript f 
denotes failure, which according to Coulomb's law occurs when rigid body move- 
ment of one body relative to another is initiated. Failure does. not necessarily 
mean collapse but the initiation of movement of one rigid body relative to 
another. | 
Coulomb's law requires the existence or the dev 
ing plane, also called slip plane or failure plane. In t 
on the table, the slip plane is the horizontal plane 
wooden block and the table. Unlike the wooden bl 
the sliding plane is located for soils. 
If you plot Coulomb's equation (5. 
normal effective stress, (0;);, you get 
— d. Thus, Coulomb's law can b 
state. But what about modeling the.pe 
II soils? 
You Le recall fro 


























of a critical slid- 


eC RE of soll pe 
dense. We will assume 


atis, compression. | 
the dense 


ne rather than on a horizontal plane. For the dense 
t ride up over each other or be pushed aside or both. 







sliding of particles up or down a plane to assist us in interpreting the shearing 
behavior of soils using Coulomb’s frictional law. The shearing of the loose array 
can be idealized by analogy with the sliding of our wooden block on the hori- 
zontal plane. At failure (impending motion), 





= — = tan od’ (5.3) 





(a) Loose (b) Dense 


FIGURE 5.9 Packing of disks representing loose and dense sand. 
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Slip plane 






(a) Stresses on failure plane ib) Simulated shearing of a dense a 
FIGURE 5.10 Simulation of failure in dense sand 


body diagram of the stresses at the slidi t between A and B as depicted 
in Fig. 5.10. We now appeal to our woode describe the 
shearing behavior of the dense apray. Fo T ogden block ıs 
pucca ona plane OneMed at an angle ie hori / ). Our goal 











(5.4) 
(5.5) 


(5.6) 
(5.7) 


tan $' * tan a 
] — tan $' tana 


embly, we can replace H by 7, and W by (o;);. 





tan $' + tan a 


(Only 1— tan $' lan a (5.8) 


7 (o), tan(ó' a) 






Let us investigate the implications of Eq. (5.8). If a = 0, Eq. (5.8) reduces 
to Coulomb's frictional equation (5.2). If a increases, the shear strength, Ty, gets 
larger. For instance, assume $' — 30* and (o;); is constant; then for a — 0 we 
get 7, — 0.58(o;);, but if a = 10° we get 7, — 0.84(o;);, that is, an increase of 
45% in shear strength for a 10% increase in a. 

If the normal effective stress increases on our dense disk assembly, the 
amount of “riding up” of the disks will decrease. In fact, we can impose a suffi- 
ciently high normal effective stress to suppress the “riding up” tendencies of the 
dense disk assembly. Therefore, the ability of the dense disk assembly to expand 
depends on the magnitude of the normal effective stress. The lower the normal 
effective stress, the greater the value of a. The net effect of a due to normal 
effective stress increases is that the failure envelope becomes curved as illustrated 
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Curved Coulomb failure envelope 
caused by dilation 






Linear Coulomb failure envelope 














D Ti 


of Type II soils (Fig. 5.5c). 
The geometry of soil grains ang 
are much more complex than our loose £ 
the model using disks is applica 
shear strength using CoulomB's fri 
domly distributed and often irreg 
cause impending slip of'so 
down the plane. The gei 










iet movement of the particles 
sigfrefers to net particle movement 





juring shearin p while soils with negative values of 
Mohr's circle of strain (Fig. 5.12), the dilation 


Ae, + nes] | 


(BvD na M 





FIGURE 5.12  Mohr's circle of strain and angle of dilation. 
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where A denotes change. The negative sign is used because we want a to be 
positive when the soil is expanding. You should recall that compression is taken 
as positive in soil mechanics. The angle a is also the tangent to the curve in a 
plot of volumetric strain versus shear strain as illustrated for simple shear in 
Fig. 5.3b. 

If a soil mass is constrained in the lateral directions, th 
represented as 







lation angle is 











example, rice and wheat. The ancient traders o eré well aware of the 
it was Osborne Reynolds 
(1885) who described the phenomeno brought it to the atten- 
tion of the scientific community. 


For cemented soils, Coulo / can be written as 


(5.12) 


hat's next... |n the ne ction, we will define and describe various parameters 
o interpret the shear strength of soils. It is an important section, which you should 
read carefully, because it is an important juncture in our understanding of shear 
strength of soils for soil stability analyses and design considerations. 


5.5 INTERPRETATION OF THE SHEAR 
STRENGTH OF SOILS 


e» 





The shear strength of a soil is its resistance to shearing stresses. In this book, we 
will interpret the shear strength of soils based on their capacity to dilate. Dense 
sands and overconsolidated clays (OCR > 2) tend to show peak shear stresses 
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and expand (positive dilation angle), while loose sands and normally consolidated 
and lightly overconsolidated clays do not show peak shear stresses except at very 
low normal effective stresses and tend to compress (negative dilation angle). In 
our interpretation of shear strength, we will describe soils as dilating soils when 
they exhibit peak shear stresses at a > 0 and nondilating soils when they exhibit 
no peak shear stress and attain a maximum shear stress | 
nondilating soil does not mean that it does not change volume (expand or con- 













We will refer to key soil shear strength p 
notation. The peak shear strength, 7,, is the peak 
lating soil (Fig. 5.3). The dilation angle a 
ap- The shear stress attained by all soils 


attained by a di- 
s will be denoted as 
















trength denoted by Ta. The 
void ratio corresponding to the c strength is the critical void 
ratio denoted by e. The effective ple ing to the critical 


(5.13) 


(5.14) 


i séscribing friction angle and accept it by 
itical state friction angle becomes critical state fric- 


(5.15) 





Tp = (on) tan(dy, + ap) = (ch) tan p| (5.16) 


TABLE 5.1 Ranges of Friction Angles for Soils (degrees) 





Soil Type Ois o, $; 
Gravel 30-35 35-50 
Mixtures of gravel and sand with fine-grained soils 28-33 30-40 

sand 27-37* 32-50 

Silt or silty sand 24-32 27-35 

Clays 15-30 20-30 5-15 





*Higher values (32*-37") in the range are for sands with significant amount of feldspar (Bolton, 
1986). Lower values (27*-32") in the range are for quartz sands. 
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The Coulomb equation for soils that exhibit residual shear strength is 


em 


where ó; is the residual friction angle. The residual shear stre 
portant in the analysis and design of slopes in overconsolidate 
viously failed slopes. 

In designing geotechnical structures you should 
mass, not all planes will mobilize the peak shear strengt f.a soil mass 
that reach the peak shear strength condition would lik il suddenly. Geo- 
technical engineers D to design geotechnica 



















most design problems since at this state 
shear stress and volume. Also, «i, is a con 


dilating soils, sometimes 


collapse load. For these type p. You must, 


ear strains required 
portant in the evaluation of 


(5.18) 


(5.19) 


" EM A c T qn wet p gre c. sy 
Qc, Is a Jundamentai soit 


- Pew 


f ole cen ae le ed ee Oe 2 capes TA 
^ 2 sate " + FE s " sof 
| [LEIS AR meee? Uins S Ot u 
T PA F ‘FF 5 


soil parameter but 


oy l ad. 01 us fauc Savzp duse. 
Á M M ue T «m ti ' - T9 eo " i - 
" oN , F 4 | 2 j^ c IF. Fi tiai d y [ I f 16 t ! + ] he Stt y: nh [N 

| 4 "v : 4 E on ee LELLO J 


HES E AR 
rA. vs gt CY 
edi, cedi W B ^J? «i H | f RUN ? OCC ir. 
ee Oe ra Parm es vee A | m 
= Ae) Y 
a P =- U Ee mi St at ars Y. 2E , e ENT 






















failure criterion. 
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Let us draw a Coulomb frictional failure line 2 
subject a cylindrical sample of soil to 
touches the Coulomb failure line. 

Of course, several circles can sha 
show only one for simplicity. Fe poi 
center of the circle is at O. V 
bottom half is a reflection of th 
stresses at failure are 















propriate ġ' laterin thi 





— (024 — (o1); 
(c), * (03); 








10), + (oa) (63), - (03), 
2 2 


FIGURE 5.13 The Mohr-Coulomb failure envelope. 
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What's next .. .Coulomb's frictional law for finding the shear strength of soils re- 
quires that we know the friction angle and the normal effective stress on the slip 
plane. Both of these are not readily known for soils because soils are usually sub- 
jected to a variety of stresses. You should recall from Chapter 3 that Mohr's circle 
can be used to determine the stress within a soil mass. By combini 
for finding stress states with Coulomb’s frictional law we can develop a generalized 


Mohr's circle 






ed by AB in Fig. 5.13 and 
cipal, stresses so that Mohr's circle 






gent but we will 
, (o,,);| and the 
f the circle: the 
cipal effective 










tween the principal ef sses and &' at ire. We will discuss the ap- 
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Rearranging Eq. (5.20) gives 


(c), l-*sinoó - 


(5.21) 





(c3); 1- sin ọ' 


or 





















(c3), |1 — sino 
(c); l-tsndo' 





5.22) 


where K, and K, are called the passive and active eart 
Chapter 10, we will discuss K, and K, and use them 
analysis of earth retaining walls. The angle BOD «= 


(5.23) 


: the soil mass 
cannot lie within the i in Fi 2 at i e soil cannot 


the regions of 1 
states 1s the failur 
bounding Cur : 
rived here iediate principal effective stress o5 and 


urve for possible stress 
js. For nondilating soils, the 


tive relationships) such as Hooke's law. 
the stress or load imposed on a soil may 









are importan 
atse it to fail, t 








Chapter 6 that considers the effects of the inter- 
ss and strains on soil behavior. 


The implication of this equation is that the Mohr-Coulomb failure criterion de- 
fines failure when the maximum principal effective stress ratio, called maximum 


r 


Cc i 
effective stress obliquity, M is achieved and not when the maximum shear 
3) f 
stress, [(o{ — 04)/2]max, ts achieved. The failure shear stress is then less than the 
maximum shear stress. 
You should use the appropriate value of b' in the Mohr-Coulomb equation 


[Eq. (5.20)]. For nondilating soils, 6’ = p: while for dilating soils, 6’ = oy. 









The essential points, are: 
1. COE s prede circ 


vf es eles 


d. Ralls oo a rg to t 


Solution 5.1 


Step 1; Find p. 
From Eq. (5.20), 
sn es = ety (03) 
“bly = 30° 
Step 2: Find 8. 
From Eq. (5.23), 


@ = 45° + $e 
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(o3)r 
(GC Dt e: (ox) 


(01); z (03); _ 


+ $2 = ase + = = 60° 
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x via fount ee Ronal, law allows us to de- 







300-100 2 1 
3004100 4 2 
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EXAMPLE 5.2 


Figure E5.2 shows the soil profile at a site for a proposed building. Determine 
the increase in vertical effective stress at which a soil element at a depth of 3 m, 
under the center of the building, will fail if the increase in lateral effective stress 
is 4096 of the increase in vertical effective stress. The coefficient of lateral earth 
pressure at rest, K,, is 0.5. 
























Strategy You are given a uniform deposit of sand an se the 
data given to find the initial stresses and then use the b equation 
to solve the problem. Since the soil element is under th e building, 
axisymmetric conditions prevail. Also, you are gi 0.4Ao;. There- 


fore, all you need to do is to find Ao}. 
Solution 5.2 


Step 1: Find the initial effective 
Assume the top 1 m of 


The subscript o de 








The | ea 
(o3) 4 172 kPa 
Step 2: Find Ao}. 
failure: = Bu = = x _ 
But 
(i and (04), = (03), *- 0.4Ao; 


where Ac; 
failure. 
9j), * Aci 34.4 + Ao} 


oS =, i 
(Ao3), + 0.440; 17.2 + 0.440; 


Ao; = 86 kPa. 


The so 


Ground surface 






lm 


+ Xa 7 18 kN/m? 
$s = 30° 


2m 





FIGURE E5.2 
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What's next . . .In the next section, we will consider two rather extreme conditions— 
drained and undrained conditions—under which soil is loaded and the effects these 
loading conditions have on the shear strength. Drained and undrained conditions are 
the bounds to evaluate soil stability. 


5.7 UNDRAINED AND DRAINED 
SHEAR STRENGTH 


stress paths in Chapter 3. Drained conditio 
pressure developed during loading of | 
condition occurs when the excess | ter pressure cannot drain, at least 
quickly, from the soil: that is, Au + . 
or undrained—depends on the soi 









pands during drained loading 
sure ( iat cba EXCESS oe water 


nical structure, called the long-term condition, 
: pveioped by a eee: dissipates and drained 


Compression 


Expansion 


(a) Drained condition (b) Undrained condition 
FIGURE 5.14 Effects of drained and undrained conditions on volume changes. 
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for the excess pore water pressure to dissipate and undrained condition applies. 
The permeability of coarse-grained soils is sufficiently large that under static 
loading conditions the excess pore water pressure dissipates quickly. Conse- 
quently, undrained condition does not apply to clean coarse-grained soils under 
static loading but only to fine-grained soils and to mixtures of and fine 
grained soils. Dynamic loading, such as during an earthquaké, is imposed so 








the undrained shear strength, s,,. The undrained shea 
of the Mohr total stress circle; that is, 






strength parameters are ¢, and ¢;,. The 
dless of its initial condition and the mag- 





(a) Undrained shear strength (b) Increase in undrained shear strength 
from increase in confining pressure 


FIGURE 5.15 Mohr'scircles for undrained conditions. 
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The essential points are: 


1. Volume changes that occur under drained condition are suppressed 
under undrained condinan: = result of this ina is ma a soil 










with positive excess pore Vatdn resinae during un G dre ned Lonn: 
and a soil with an expansion tendency during dr à | 
respond with negative excess pore water press 
condition. 
2. For an effective stress analysis, the shear strength parameters are his 
and oy. | 
3. For a total stress analysis, which applies to fine-grained soils, the 
shear strength parameter is the ı iría strength, s 


What's next . . .We have identifie 
are important for analyses and € variety of labora- 
tory tests and field test . We will describe 
many of these tests a i retati ay have to perform 
some of these tests i 


» and s,) that 





















@ 5.8 LABORATORY TESTS TO 
SHEAR STRENGTH PARAMET 











5.8.1 Shear Bo Shear Test 


ine the shear strength parameters is the shear box. 
oil mass is likely to fail along a thin zone under plane 
r box (Fig. 5.16) consists of a horizontally split, open 
n the box, and one-half of the box is moved relative to 
ilure is thereby constrained along a thin zone of soil on the 
B). Serrated or grooved metal plates are placed at the top 
of the soil to generate the shearing force. 

Vertical forces are applied through a metal platen resting on the top ser- 
rated plate. Horizontal forces are applied through a motor for displacement con- 





FIGURE 5.16 Shear box. 
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Vertical displacement (mrn) 
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trol or by weights through a pulley system for load control. Most shear box tests 
are conducted using displacement control because we can get both the peak shear 
force and the critical shear force. In load control tests, you cannot get data beyond 
the maximum or peak shear force. 

The horizontal displacement, Ax, the vertical displacement, (vz, the vertical 
loads, P., and the horizontal loads, P,, are measured. Usually, three or more tests 
are carried out on a soil sample using three different con an ertical forces. 
Failure is determined when the soil cannot resist any furt 
zontal force. The stresses and strains in the shear box te 
from the forces and displacements measured. The stres 
unknown) constrained failure zone (Fig. 5.16) ares 
strains cannot be determined. 

The shear box apparatus cannot prev 






















t one can get an es- 
A the shear box test at 


strength of soils. 

In summary, drained tests are { 
or more tests are performec 
under a constant vertical fo 
for each test are the hor 
displacements, anc 


(and s,, if fine-gr 


. These parameters are aa 
determinec SAL: 


ig. 5.17 for sand. 








Horizontal Force (N) 


0 | 
0 a 2000 3000 4000 5000 
Vertical force (N) 


(c) 





(b) 
FIGURE 5.17 Results from a shear box test on a dense and a loose sand. 
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Only the results of one test at a constant value of P, are shown in Figs. 
5.17a,b. The results of (P,), and (P,)., plotted against P, for all tests are shown 
in Fig. 5.17c. If the soil is dilatant, it would exhibit a peak shear force (Fig. 5.17a, 
dense sand) and expand (Fig. 5.17b, dense sand), and the failure envelope would 
be curved (Fig. 5.17c, dense sand). The peak shear stress is the shear force 
divided by the cross-sectional area (A) of the test sample; th 


(P), 
d mt E 





















iS, 
(5.25) 
The critical shear stress is 


(5.25) 


tions from this 





(5.27) 


rizontal force in Fig. 
resents a value of $; at 
tion 5.5 that 6; is not constant 
ve stress (P./A). Usually, the 
ed should correspond to the max- 
e field. The value of ¢, is largest 
al effective stress, as illustrated in Fig. 


17c. , by drawing a line from the origin to the point 
senting the pea at the desired normal force, and measuring 
e angle subten this d the horizontal axis. Alternatively, 
4 Pop 


b, = tan (5.28) 


z 





ine the peak dilation angle directly for each test from a plot 
cement versus vertical displacement, as illustrated in Fig. 
5.17b. The peak dilation angle is 





a, = n (588) (5.29) 
We can find a, from 
a, = o; = $a (5.30) 


EXAMPLE 5.3 


The shear box test results of two samples of the same soil but with different initial 
unit weights are shown in the table below. Sample A did not show any peak 
values but Sample B did. 
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Test 
Soil number 


A Test 1 
Test 2 
Test 3 
B Test 1 
Test 2 
Test 3 
Test 4 


(a) bi 


Step 1: 


Step 2: 


Horizontal force (N) 


FIGURE E5.3 


Vertical force (N) Horizontal force (N) 


250 
500 
750 
100 
200 
300 
400 


Determine the following: 


Em 


Vertical force (N) 

















150 
269 
433 

98 
175 
210 
248 


17 
= an 2) -—412 


| _, (248 . 
(e, )400 n = tan ic — 31.8 
a, 7 6 — $t 


(avo n = 41.2 — 30 = 112? 
(aJo n = 31.8 — 30 = 1.8° 


Note that as the normal force increases o, decreases. 
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EXAMPLE 5.4 


The critical state friction angle of a soil is 28°. Determine the critical state shear 
stress if the normal effective stress is 200 kPa. 





Strategy This is a straightforward application of the C ’s frictional 


equation. 


Solution 5.4 


Step 1: Determine the failure shear stress. 










Ty = To = (Gnptan 6 


EXAMPLE 5.5 


negative sign denotes vertica 






(a) Plot graphs of (1) 
vertical displacem 












eet | Horizontal Vertical 
2 i displacement Horizontal displacement 
(mm) force (N) (mm) 
6.10 988.29 —0.40 
6.22 988.29 —0.41 
6.48 993.68 —0.45 
6.60 998.86 —0.46 
6.86 991.52 —0.49 
7.11 999.76 -0.51 
7.37 1005.26 —0.53 
7.75 1002.51 —0.57 
7.87 994.27 —0.57 
8.13 944.83 —0.58 
8.26 878.91 —0.58 
8.51 807.50 —0.58 
8.64 791.02 —0.59 
8.89 774.54 —0.59 
9.14 766.30 —0.60 
9.40 760.81 0.59 
9.65 760.81 —0.59 
9.91 758.06 — 0.60 
10.16 758.06 —0.59 
10.41 758.06 —0.59 


10.67 755.32 —0.59 
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Strategy After you plot the graphs, you can get an idea as to whether you 
have a loose or dense sand. A dense sand may show a peak horizontal force in 
the plot of horizontal force versus horizontal displacement and would expand, 










Solution 5.5 
Step l: Plot graphs. 
See Fig. E5.5. 
Step 2: Determine whether the sand is dense or | 


The sand appears to be dense— it sho 
dilated. 


Step X — Extract the required values. 


Cross-sectional area of sa 
(cl) x, = (P), 1005 N 
A 107? 


10 = 100 107? m* 








ertical displacement (mm) 


Vertica 
D Ò 
5 86 


-0.70 


FIGURE E5.5 
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bp 


Pa 


-— r 


1gth parameters and the 

e arátus. The name is a misnomer 
since two, not three, stresses can be controlled. Ir the triaxial.test, a cylindrical 
sample of soil, usually with a leng Iàmeter rat i 

















radial stresses. 
are applied 
> applied by 
ial stress, the soil is 
ion. If the radial 






by pressuring water i 
loading a plunger. If tl 
compressed vertically a 
the axi 








Air release valve 





Water 


Cell pressure, ds 


Platen 
O ring 


Acrylic cylinder 


Radial grooves 
for drainage 


To pore water 
or volume change 
measuring device 


Water supply 


FIGURE 5.18 Schematic of a triaxial cell. 
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condition is axisymmetric. For compression tests, we will denote the radial 
stresses g, as o, and the axial stresses g, as o. For extension tests, we will denote 
the radial stresses o, as o, and the axial stresses o, as 03. 

The average stresses and strains on a soil sample in the triaxial apparatus 
for compression tests are as follows: 







Axial total stress: | o, = — + o; 5.31) 


> 






Deviatoric stress: |o, — 03 = 5 (5.32) 
Axial strain: Pe. (5.33) 
Rh Jh 
hA 
Radial strai (5.34) 
(5.35) 
(5.36) 





where P. is the 1] 
sample, r, is the i 


ger, A is the cross-Sectional area of the soil 
ange in radius, V, is 
T54s the initial height, and Az is 
ad, the deviatoric load, and the 
(c; — o4). The shear stress is 














Jit 
sc 






(5.37) 


of the sample. Játion angle for a triaxial test is given by Eq. (5.10). 

The triaxial apparatus is versatile because we can (1) independently control 
the applied axial and radial stresses, (2) conduct tests under drained and un- 
drained conditions, and (3) control the applied displacements or stresses. 

A variety of stress paths can be applied to soil samples in the triaxial ap- 
paratus. However, only a few stress paths are used in practice to mimic typical 
geotechnical problems. We will discuss the tests most often used, why they are 
used, and typical results obtained. 


5.8.3 Unconfined Compression (UC) Test 


The purpose of this test is to determine the undrained shear strength of saturated 
clays quickly. In the UC test, no radial stress is applied to the sample (o3 = 0). 
The plunger load, P,, is increased rapidly until the soil sample fails, that is, cannot 
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=3 





A 
Ap 
p 







(a) Applied stresses (b) Total stress path 








Total stress circle 


" = Effective siress 


K—-4—.4 9" 
lc) Mohr's ci 
FIGURE 5.19 Stresses, stre 









so that the pore water 
stant volume. 


support any à 
cannot drain 


, then from the principle of effective stresses, 
effective radial stress, o}, cannot be negative 


i$ positive. Mohr's circle of effective stresses would 
tress circle as shown in Fig. 5.19c. 

(5.38) 
where, from Eq. (5.37), A = A,/(1 — e€;) (no volume change, i.e., €, = 0). The 


undrained elastic modulus, E,, is determined from a plot of £; versus g}. 
The results from UC tests are used to: 


Estimate the short-term bearing capacity of fine-grained soils for 
foundations 
Estimate the short-term stability of slopes 


Compare the shear strengths of soils from a site to establish soil strength 
variability quickly and cost-effectively (the UC test ts cheaper to perform 
than other triaxial tests) 


Determine the stress—strain characteristics under fast (undrained) loading 
conditions 
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EXAMPLE 5.6 


An unconfined compression test was carried out on a saturated clay sample. The 
maximum load the clay sustained was 127 N and the vertical displacement was 
0.8 mm. The size of the sample was 38 mm diameter X 76 mm lo 










Solution 5.6 


Step I: Determine the sample area at 
Diameter D, — 38 mm, lengt 





FIGURE E5.6 
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5.8.4 Consolidated Drained (CD) Compression Test 


The purpose of a CD test is to determine the drained shear strength parameters, 
þa and pp, to analyze long-term loading of a soil mass. The effective elastic 
moduli for drained condition E' and E; are also obtained from this test. A con- 
solidated drained compression test is performed in two stages. rst stage Is 
consolidating the soil to a desired effective stress level by press 
in the cell and allowing the soil sample to drain until 
pressure dissipates. In the second stage, the pressure in 














AXE | isplacements 
are added very slowly until the soil Ee fails. The displace ate (or strain 


a minimum 
of three tests at different cell pressüres.. t il sample for the 


When the load 1 re for a saturated 
soil is equal to ! ure Ao. At the end of the 
consolidation phas : 
Aq _ Ag 


and. oe 
Ap Ap 


(5.39) 





where AV is the change in volume and V, is the original volume of the soil. 
Also, the axial displacements are recorded and the axial strain is calculated as 
€, = Az/H,. The radial strains are calculated by rearranging Eq. (5.39) to yield 

| (5.40) 





The maximum shear strain is 





Cekin - (£i — E3) max | 
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Ac, = Ad; = Aq, = AG, 


- AG; = Ad; 
AuzüÜü 





(a) Stage 1: Consolidation phase 


ic stress (kPa) 


i 3 P 
0,204 *— 
| M tk 







-F,= G3 


do, =0 
Au=0 





(b) Stage 2- Shearing phase 





FIGURE 5.21 Results from CD tests on dense and loose sand. (Fram ‘The 
Measurement of Soil Properties in the Triaxia! Test,’ by Bishop and Henkel, 
Edward Arnold 1962.) 
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which, by substitution of Eq. (5.39), gives 


LUE 
















permeability of the soil is low (e.g., fine-grained soils). Typic ts of consol- 
idated drained tests on a sand are shown in Fig. 5.21. 

The elastic moduli for drained conditions, E' and btained from the 
CD test from the plot of deviatoricstress, (o; — 01), as 
as shown in Fig. 5.21a. The results of CD tests are termine the long- 
term stability of slopes, foundations, retaining w ons and other 
earthworks. 





EXAMPLE 5.7 
The results of three CD tests on a se 


Test number or, (kPa) 


The detailed 


expansion. 


legative sign indicates 








2.28 





2.66 

3.04 

3.8 

4.56 —2.59 268.4 
5.32 ~ 2.67 252.5 
6.08 -2.62 238.0 
6.84 —2.64 229.5 
7.6 - 2.66 223.2 
8.36 —2.63 224.3 


The initial size of the sample is 38 mm in diameter and 76 mm in length. 


(a) Determine the friction angle for each test. 
(b) Determine Tp, 74, E', and £; at peak shear stress for Test 1. 
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(c) Determine 4... 
(d) Determine oa, for Test 1. 


Strategy From a plot of deviatoric stress versus axial strain for Test 1, you 
will get Tp, Te, E' and E;. The friction angles can be calculated or found from 
Mohr’s circle. 





Solution 5.7 
Step 1: Determine the friction angles. Use a table to 






lations. 


Alternatively, plc 
shown for Test 1 2 








FIGURE E5.7a 


Step 2: Determine T, and Tes from a plot of deviatoric stress versus axial 
strain response for Test 1. 


The initial area is: A, = ua oos 1134 mm? 
x 38? x 
Vo= MASH, a 2 2. A 10 sepas imi 
4 4 
A,(1 — €) 


A= 
1 —¢é; 
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See the table for calculations and Fig. E5.7b for a plot of the results. 





A, — 1134 mm* 
e, Az/ £5 A q=P.JA 
Az (mm) H, AV (cm?) (AV/V,) (mm?) (kPa) 








» and T. 
à QI Nee. 75. 
s = e D = 105 kPa, ta = CSa n RE L 879 kPa 


Step 3: Determine £' and E,. 
The initial slope of Fig. E5.7b gives E' and the slope of the line from 
the origin to 27, gives £;. 


als 


E' = 27,000 kPa 


th 


E; L 7143 kPa 


c 
m 
Le 
E. 
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Step 4: Determine pis- 
The deviatoric stress and the volumetric change appear to be constant 
from about £, ^ 1096. We can use the result at £, — 11% to 
determine $4. (c3), — 100 kPa, (o1), — 175.8 + 100 = 275.8 kPa. 


! oun g| — Gi sciri 175.8 i 
dec S E + 2 S 2758 + 100 
















Step 5: Determine a, 
à, 7 61 — 64 7 337 — 27. 


5.8.5 Consolidated Undrained Co 


The purpose of a CU test is to deter 
strength parameters (Su, o... 6; ). The | 
to the CD test except that after isotropic 
under undrained condition and the 

applied stresses are as follows: 


easured. The 


While the total stress path is determinate, the effective stress path can be 
determined only if we measure the changes in excess pore water pressures. The 
stresses on the soil samples and the stress paths in a CU test are illustrated in 
Fig. 5.22. The effective stress path is nonlinear because when the soil yields, the 
excess pore water pressures increase nonlinearly causing the ESP to bend. 

In a CU test, the volume of the soil is constant during the shear phase. 
Therefore, 


S SF 26, 60 


which leads to 


EA meu c (5.42) 
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F. 
Ao, = Ag} = Ag; = Ac; AG, = Ag; * TA 





- AU, -— Ag] -Au 
| Auz0 


Ag, = Ag,-Au =-Au 






Au 20 





(a) Stage 1: Consolidation phase (b) Stage 2: Shearing p 

















1 Stage | | Stage 2 


Stage 2 


Stage 1 


in is 





shear 


(5.43) 


ZU test are shown in Fig. 5.23. Two sets of Mohr's 
n, as depicted in Fig. 5.23. One represents total stress 


t they are separated horizontally by the excess pore water 
^s circle of effective stresses is shifted to the right if the excess 
pore water pressure at failure is negative and to the left if the excess pore water 
pressure is positive. 

Each Mohr’s circle of total stress is associated with a particular value of s,, 
because each test has a different initial water content resulting from the different 
confining pressure, or applied consolidating stresses. The value of s, is obtained 
by drawing a horizontal line from the top of the desired Mohr's circle of total 
stress to intersect the vertical shear axis. The intercept is s,. The value of s, ata 
cell pressure of about 830 kPa is 234 kPa, as shown in Fig. 5.23. Alternatively, 
you can calculate s, from 


(o, =e 93); 5 UP oos 
2 2A 





34> 
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Axial strain (%) 
(a) 


_ Normally consolidated clay 








Au (kPa) 
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RE 5.23 Triaxi CU ests C © (From ‘The Measurement of Soil 
Bishop and Henkel, Edward Arnold 1962.) 


the previous s aling with the CD test. You would normally determine s, 
at the maximum anticipated stress level in the field. 

The CU test is the most popular triaxial test because you can obtain not 
only s, but b: and ,;, and most tests can be completed within a few minutes 
after consolidation compared with more than a day for a CD test. Fine-grained 
soils with low k values must be sheared slowly to allow the excess pore water 
pressure to equilibrate throughout the test sample. The results from CU tests are 
used to analyze the stability of slopes, foundations, retaining walls, excavations, 
and other earthworks. 


EXAMPLE 5.8 


A CU test was conducted on a saturated clay soil by isotropically consolidating 
the soil using a cell pressure of 150 kPa and then incrementally applying loads 
on the plunger while keeping the cell pressure constant. Failure was observed 
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when the stress exerted by the plunger was 160 kPa and the pore water pressure 
recorded was 54 kPa. Determine (a) s, and (b) 4. Illustrate your answer by 
plotting Mohr's circle for total and effective stresses. 








Strategy You can calculate the effective strength parametérs by using the 
Mohr- Coulomb failure criterion [Eq. (5.20)] or you can determine them from 
plotting Mohr's circle. Remember that the stress imposed by the plunger is not 
the major principal stress o; but (o; — o3) = (a; — o3): 






Solution 5.8 


Step 1: Calculate the stresses at failure. 






= (c1); = (03); = 





P. 
A 









(c1); 7 (0); — A4 


(c ap = 












Step 2: Determi 








- LLL - 045 


Draw M 
See Fig. 






= 80 kPa 


-—4- * 


| 





| 
TL ra 
iss ELI 


| 
un 160 200 240 280 320 mm 
-40 uds CIF Ll a 


-80 
tive stress | 


t (kPa) 


o 





-120 


-160 a | — 
FIGURE E5.8 x 
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5.8.6 Unconsolidated Undrained (UU) Test 


The purpose of a UU test is to determine the undrained shear strength of a 
saturated soil. The UU test consists of applying a cell pressure to the soil sample 
without drainage of pore water followed by increments of axial . The cell 
pressure is kept constant and the test is completed very quickly because in neither 
of the two stages—consolidation and shearing—ts the excess p 
allowed to drain. The stresses applied are: 









Stage 1: Isotropic compression (not consolidation) 


(b) Stress path 





(c) Mohr's circles 
FIGURE 5.24  Stresses, stress path, and Mohr's circles for UU tests. 
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The undrained shear strength, s,,, and the undrained elastic moduli, E,, and 
(E,),, are obtained from a UU test. The UU tests, like the UC tests, are quick 
and inexpensive compared with CD and CU tests. The advantage that the UU 
test has over the UC test is that the soil sample is stressed in the lateral direction 
to simulate the field condition. Both the UU and UC tests are useful in prelim- 
inary analyses for the design of slopes, foundations, retaining s, excavations, 
and other earthworks. 












EXAMPLE 5.9 


A UU test was conducted on saturated clay. The ce ure was 200 kPa and 
failure occurred under a deviatoric stress of ine the undrained 
shear strength. 


the 







Strategy You can calculate the radi 


a plot of Mohr’s circle is A) 







Solution 5.9 


Step 1: Draw Mohr's ci 
See Fi 





Step 2: Dete e the undrained shear strength. 
Draw a horizontal line to the top of Mohr's circle. The intersection of 
the horizontal line with the ordinate is the undrained shear strength. 


„ ^ 110 kPa 


o); — (c 
By calculation: s, — eae eee = e = 110 kPa " 


What's next ...In the UU test and sometimes in the CU test, the excess pore water 
pressures are not measured. However, we need to know the magnitude of the excess 


240 CHAPTER 5 SHEAR STRENGTH OF SOILS 


pore water pressures to calculate effective stresses. Next, we will present a method 
to predict the excess pore water pressure from axisymmetric tests. 


5.9 PORE WATER PRESSURE UNDER 
AXISYMMETRIC UNDRAINED LOADING 








excess pore water pressure coefficient 
and 0 for dry soils. However, B is 
at high values of saturation ($ >£ 





TABLE 5.2 A; Values 





Type of clay A, 

Normally consolidated 0.5 to 1 l 

Compacted sandy clay 0.25 to 0.75 

Lightly overconsolidated clays 0 to 0.5 0.5 

Compacted clay-gravel —0.25 to 0.25 Ay 

Heavily overconsolidated —0.5 to 0 0 

clays 10 100 
Source: From ‘The Measurement of Soil Properties in -0.5 


the Triaxial Test,’ by Bishop and Henkel, Edward o NEEN ratio 
Arnold 1962. FIGURE 5.25 Variation of OCR with A,. 
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pore water pressure change must be equal to the increase of confining pressure. 
Equation (5.47) then provides a basis to evaluate the level of saturation of a soil 
sample in an axisymmetric test. The coefficients A and B are referred to as 
Skempton's pore water pressure coefficients. 





The essential poins sare: 


ur ret Munt 


1. Under ar 














idi Fora saturated soil, B= 1. na ta 


A. Dak t ae o do 


What's next...ln the next section, we wil 






5.10 OTHER LABORA 
MEASURE SHEAR STR TRENGTE 










There are several other t 
strength of s 


ės of appara it-ar&-used to determine the shear 
s in the laboratory. These apparatuses are, in general, more so- 
ear box an ial.apparatus. 








any geotechnical structures are akin to simple shear. 
of commercially available simple shear devices. One 


Top platen 


Wire reinforced 
rubber membrane 


Bottom platen 





FIGURE 5.26 Cuboidal simple shear apparatus: (a) simple shear box, (b) stresses 
imposed on samples, and (c) direct simple shear. 
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change to occur. By displacing the bottom of the box relative to the top, the soil 
is transformed from a cube to a parallelepiped. 

A load cell mounted on the top platen measures the excess pore water 
pressures. The lateral stresses are deduced from one of the hollow plates outfitted 
with strain gauges. The stresses and strains deduced from meas nts in the 
cuboidal simple shear apparatus are shown in Fig. 5.26b. If the excess pore water 
pressures are measured in undrained (constant-volume) tests, then the effective 
stresses can be determined. 

The other apparatus tests a cylindrical sample 
closed by a wire reinforced rubber membrane (Fig. id.rough metal 
plates are placed at the top and bottom of the sample. 
sample relative to the bottom deforms the sa 
loads (usually on the top boundary) as wel 














are measured and thus the average no stresses and boundary 
strains can be deduced. In the cylindrica easured are 
o, and r.,, and the test is referred i 

Simple shear apparatuses d : whole to uniform 
stresses and strains. However gion of the 


and (3.36) are 





(5.48) 
(5.49) 
Qd. = 6 ETE TS. (5.50) 


mm sides, fails in a simple shear constant-volume 
.) of 500 N, a horizontal load (P,) of 375 N, and a 
. The excess pore water pressure developed is 60 kPa. 


(a) Plot Mohr's circles for total and effective stresses. 

(b) Determine the friction angle and the undrained shear strength, assuming 
the soil is nondilating. 

(c) Determine the failure stresses. 

(d) Find the magnitudes of the principal effective stresses and the inclination 
of the major principal axis of stress to the horizontal. 


(e) Determine the shear and normal stresses on a plane oriented at 20* clock- 
wise to the horizontal. 


Strategy Draw a diagram of the forces on the soil sample, calculate the 
stresses, and plot Mohr's circle. You can find all the required values from Mohr's 
circle or you can calculate them. You must use effective stresses to calculate the 
friction angle. 
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Solution 5.10 
Step 1: 








Determine the total and effective stresses. 











x -3 

a, = LIC 70 kPa 
x -3 

0, = TUS T 1O kPa 
.T 150x10^? 


o,f =o, — Au = 


Draw Mohr’s circle of total ang 
See Fig. E5.10. 
Determine ¢;, and s,,. 
Draw a tangent to 
the axes. 






‘fective stress from the origin of 


FIGURE E5.10 
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Step 4: Determine the failure stresses. 
At the point of tangency of the failure envelope and Mohr's circle of 
effective stress, we get 


Ty; = 54 kPa, (4), — 79 kPa 





Step 5: Determine oj, o3, and vy. 
From Mohr’s circle of effective stresses, we get 


ol = 180 kPa and of = 50 kPa; 2 = 66 







Step 6: Determine the stresses on a plane oriented a 

Identify the pole as shown in Fig. E5.10. Dra 
the horizontal from the pole as show i 
we are using clockwise shear as positi 


inclined at 20° to 
. Remember that 
ives the stresses on 











= 0.67; Ww — 33.7 


+ I cos 40° + 60 sin 40° 


moe sin 40° = 29.9 kPa 


EXAMPLE 5. 


A cuboidal soil sample, with 50 mm sides, was tested under drained conditions 
and the maximum shear stress occurred when the shear displacement was 1 mm 
and the vertical movement was —0.05 mm. 


(a) Plot Mohr’s circle of strain. 

(b) Determine the principal strains. 

(c) Determine the maximum shear strain. 
(d) Determine a. 


Strategy Calculate the vertical and shear strains and then plot Mohr's circle 
of strain. You can determine all the required values from Mohr's circle or you 
can calculate them. 
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Solution 5.11 


Step l: Determine the strains. 


— — 
= — — — LM 0— 





See Mohr's circle of strain, Fig. 





€, = 9.5 X 
a = 3° 








By calculation, 






9.5 x 1073 
—10.5 x 1073 





Equation (3.35): £i 
Equation (3.36): 





FIGURE E5.11 m 


5.10.2 True Triaxial Apparatus 


The purpose of a true triaxial test is to determine soil behavior and properties 
by loading the soil in three dimensions. In a true triaxial test, a cuboidal sample 
is subjected to independent displacements or stresses on three Cartesian axes. 
Displacements are applied through a system of rigid metal plates moving per- 
pendicularly and tangentially to each face, as shown by the arrows in Fig. 5.27a. 
Pressure transducers are fixed to the inside of the faces to measure the three 
principal stresses. Like the conventional triaxial apparatus, the directions of prin- 
cipal stresses are prescribed and can only be changed instantaneously through 
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c6, (£1) 






03 (£3) 


S 


in true ttiaxi 
r osed on a sample of 


at e — in (e triaxial 


The purpose of a i perties from a 
variety of plane s apparatus (Fig. 5.28a), 
a hollow thin-w indri ressure chamber and 
can be subjected 
and outer 

The v 


Movable 
plate 
T 65 (£5) 










(a) Plan view (b) Stresses and strains mea 


FIGURE 5.27 Schematic of true triaxial cell a 
soil. 







st 


an angle of 90°. The stresses and s 
test are shown in Fig. 5.27b. 


5.10.3 Hollow Cylin 


(a) (b) 
FIGURE 5.28 (a) Hollow cylinder cell and (b) stresses on an element of soil. 
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If the internal and external radial pressures are equal, then 
O, — Op 
The shearing stress applied is 


_ 3M 
"o 2m(n - ri) 















(5.51) 


T. 


where M is the applied torque and r, and r, are the inner @nd outer radii. We 


can obtain $5, ^, s,, and G from the hollow cylinde 


for laboratory tests 
ently, a variety of 
hear strength parame- 
of the popular field tests. 
test results are often re- 


What's next . ..Sampling disturbances and sample prepa 
may significantly impair the shear strength para : 

field tests have been developed to obtain more 
ters by testing soils in situ. We will briefly d 
Each test has its own advantages and disa 
lated to laboratory test results using empiri 


5.11 FIELD TESTS 
5.11.1 Shear Van 


The shear vane i elded orthogonally 
om the bottom of a 
rate of 6° per minute by 
rface and attached to the shear 
ed from 









borehole, to 
a torque hea 
vane r 


(5.52) 








here T i$ the maxi torque, A is the height, and d is the diameter of the 


Q 


Section Y - Y 


Vane 





Vane probe in protective sheath Vane extended and ready for testing 


FIGURE 5.29 Shear vane tester. 
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— Ope 
—— Hone lifter- 

EOD interface Déteriiias net 

onnectors ta cathe 

Hammer SABER HA input energy to 
Guide rod drill rod 
Cushion hammer 
rod interface 


















Ground 


surface Segments of Sn rad 


Joint in drill rod 
Drilling mud 


Borehole 

SPENTE ou penni unes 

SASN mechanism ta 
sampler 


Split spoon sampler 
Soil-sampler interface 


4 
SX Displacement due to net 
useful energy at tip 


FIGURE 5.30 Standard penetration test. 


5.11.2 The Standard Pe 


The standard penetration test (SP' 
the most popular field te 
spoon sampler into 
falling 760 mm 


ary to correct the N values to a rod energy 
is the ratio of the energy delivered to the split 


u should be cmibus in using the corr&lation in Tables 5, 3 


TABLE 5.3 Correlation of N, Ngo, y, D,, and &' for 
Coarse-Grained Soils 





Y D, o' 

N Neo Description (kN/m?) (95) (degrees) 
0-5 0-3 Very loose 11-13 0-15 26-28 
5-10 3-9 Loose 14-16 16-35 29-34 

10-30 9-25 Medium 17-18 36-65 35-407 

30-50 25-45 Dense 20-21 66-85 38-45" 


>50 >45 Very dense 221 >86 >45° 


These values correspond to pp 
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TABLE 5.4 Correlation of Nso 
and s,, for Saturated Fine- 
Grained Soils 























Nso Description s, (kPa) 
0-2 Very soft «10 
3-5 Soft 10-25 
6-9 Medium 25-50 

10-15 Stiff 50-100 

15-30 Very stiff 100-200 


>30 Extremely stiff >200 


and 5.4 to determine the properties o oil and 
the scatter in data is generally large; 
Experience and judgment are req 


design foundations because 


e ground are measured inde- 
sistance and side friction or sleeve 


re water pressure depends on the location of the 
ll is often used to measure the force of penetration. 


that the ocone provides useful data to estimate the shear strength, bearing 
capacity, an lidation characteristics of soils. Typical results from a piezo- 
cone are shown in Fig. 5.31c. 

The cone resistance q, is normally correlated with the undrained shear 
strength. Several adjustments are made to q.. One correlation equation is 


_ We — 90: 


Su 
Ng 


(5.52) 
where N, is a cone factor that depends on the geometry of the cone and the rate 
of penetration. Average values of N, as a function of plasticity index can be 


estimated from 


(5.54) 
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Cone resistance Pore resistance 
q, MPa) u (MPa) 


0 1 2 300250.500751,00 


Casing : om 
So description 













Fill 
AE 





Connecting 


rod & / Reclaimed sand 








10 
Upper marine 
clay 
(S, » 4.2) 
ar | 
Filter to 15| 
facilitate 
pore water 


pressure 


Cone 
measurement 


Depth (meters) 





(a) Dutch cone (b) Piezocone 







a AUT. M 
ANA LL 
JM] i 


c) Care results 


c) Cone results. (From Chang, 





er 


(5.55) 


5.11.4 Pressure Meters 


The Menard pressure meter (Fig. 5.32a) is a probe that is placed at the desired 
depth in an unlined borehole and pressure is applied to a measuring cell of the 
probe. The stresses near the probe are shown in Fig, 5.32b. The pressure applied 
is analogous to the expansion of a cylindrical cavity, The pressure is raised in 
Stages at constant time intervals and volume changes are recorded at each stage. 
A pressure-volume change curve is then drawn from which the elastic modulus, 
shear modulus, and the undrained shear strength may be estimated. 

One of the disadvantages of the Menard pressure meter is that it has to be 
inserted into a predrilled hole and consequently the soil is disturbed. The Cam- 
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f the soil can be ob- 
nd the scope of this book. 
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Cutaway view 


Cutting head Auger 


FIGURE 5.33 Schematic of Cambridge Camkometer. (Redrawn from Hughes and 
Wroth, 1972.) 
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An excellent source on the interpretation of the pressure meter test is Wroth 
(1984). 


The essential points are: ! 
bis touis dre nsed 1o CRTANE SON, SQEARE DE arameters,. 













'd to obtain soil 
erg limits, or from 
of these relationships 


strength parameters from laboratory tests, for ex 
statistical analyses of field and laboratory test 
are presented in the next section. 


5.12 EMPIRICAL RELATIOT 
STRENGTH PARAMETERS 


SHEAF 









soils are shown 
pujde and in prelimi- 


Some suggested empiricz | 
in Table 5.5. The 


nships for the shear strength ¢ 
should only bé used as 








Reference 


Normally coi olidated okempton (1957) 






rconsolidated clays Ladd et al. (1977) 


Jamiolkowski et al. 
(1985) 


All clays Mesri (1975) 





Clean qua 6; = oi, + 3D,(10 — In pj) — 3, where p; Bolton (1986) 
is the mean effective stress at failure (in 

kPa) and D, is relative density. This 

equation should only be used if 12 > 


lbh — pia) > O. 


5.13 SUMMARY 





The strength of soils is interpreted using Coulomb's frictional law. All soils re- 
gardless of their initial state of stress will reach a critical state characterized by 
continuous shearing at constant shear stress and constant volume. The initial void 
ratio of a soil and the normal effective stresses determine whether the soil will 
dilate or not. Dilating soils often exhibit (1) a peak shear stress and then strain 
soften to a constant shear stress, and (2) initial contraction followed by expansion 
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toward a critical void ratio. Nondilating soils (1) show a gradual increase of shear 
stress, ultimately reaching a constant shear stress, and (2) contract toward a crit- 
ical void ratio. The shear strength parameters are the friction angles (db; and 
$4) for drained conditions and s, for undrained conditions. Only d$, is a fun- 
damental soil strength parameter. 

A number of laboratory and field tests are available to 
strength parameters. All these tests have shortcomings and y 
judgment in deciding on the test to be used for a parti 
interpretation of the results. 






termine the shear 
should use careful 
nd in the 










Practical Examples 
EXAMPLE 5.12 


A rectangular foundation 4 m X 5 








Determine if the soil 
loading conditions. IË t i hat are the factors 
i rated. 






- 4.)z; = (18 X 1) + (18 — 9.8)4 = 50.8 kPa 
e a — sin ó,)(OCR)'5 - (1 — sin 18)(4)? — 14 
4 X 50.8 = 71.1 kPa 

+ zy, = 50.8 + 4 x 98 = 90 kPa 

t zyy,— 711+ 4 x 9.8 = 110.3 kPa 


Foundation: 4 m x 5 m 


FIGURE E5.12 
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Step 2: Determine the vertical stress increases at z — 5 m under the center of 
the rectangular foundation. 
Use Eq. (3.79) or the computer program on the CD. 














Ao, = 71.1 kPa, Ao, = 3.1 kPa 
Neglect the effect of shear stresses (Ar.,). 


Step 3: Determine imposed shear stress for short-term ] 
Current vertical total stress: (a,); = o, + Ao, 
Current horizontal total stress: (o,)7 = a, + A 
oi)r — (o 61.1 
Current shear stress: T, - (00r — (09 
The soil will not reach the fail 


Factor 


Step 4: Determine failure shear 
For long-term | 
pressure dissipat 
Final eff tr ir? Oj —^R0. 121.9 kPa 

| = 76.2 kPa 


sin*( 


?, which is greater than ó'. 





Angle o ion giobilized: $ = 





121.9 = =) 
121.9 + 76.2 










tate angle of fr 


Therefore, failure would not 







tan 24° 





~ tan 13.3° 13 Eg 

PLE 5. 
An earth dam is r a site consisting of a homogeneous stiff clay, as 
: , the geotechnical engineer, are required to specify soil 
strength tests termine the stability of the dam. One of the critical situations 
is the possible fajluré of the dam by a rotational slip plane in the stiff clay. What 


laboratory strength tests would you specify and why? 


Strategy The key is to determine the stress states for short-term and long- 
term conditions along the failure surface. 


FIGURE E5.13a 























I 
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Failed 
soil mass 









fie Bg tes | 


FIGURE E5. 13b 


Solution 5.13 


Step 1: Determine stresses along the fé 
Let us select three points—Z 
surface. The rotational slip 


Groundwater level was located at 2.5 m 1 below the surface, You epedified 4 a con- 
solidation test and a triaxial consolidated undrained test for samples of the soil 





FIGURE E5.14 
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taken at 10 m below ground surface. The consolidation test shows that the clay 
is lightly overconsolidated with an OCR = 1.3. The undrained shear strength at 
a cell pressure approximately equal to the initial vertical stress is 72 kPa. Do you 
think the undrained shear strength value is reasonable, assuming CR of the 
soil is accurate? Show calculations to support your thinking. 








Strategy Because the site is in a remote area, it is likelythat may not find 
existing soil results from neighboring constructions. Insuch aca can use 
empirical relationships as guides but you are warned soil otorious for 
having variable strengths. 









Solution 5.14 


Step 1: Determine the initial effectiv 
the groundwater level is sz 

(o!), = (18 x 2.5) + 

0; = (G1), X OCR 





Determine s,/(o 


“_ = (0.23 + 0.04)OCR®* 
0)o 


0.27(OCR)^5 to 0.19(OCR ^ 


= 0.27(1.3)95 to 0.19(1.3)?* 
= 0,33 to 0.23 < 0.63 


sri (1975): = = 0.22 < 0.48 


+ 
zc 







The ces between the reported results and the empirical 
relationships are substantial. The undrained shear strength is 
therefore suspicious. You should request a repeat of the test. = 


EXERCISES 





5.2 


Theory 


A CD triaxial test was conducted on a loose sand. The axial stress was held constant and 
the radial stress was increased until failure occurred. At failure the radial stress was greater 
than the axial stress. Show, using Mohr's circle and geometry, that the slip plane is inclined 
at 7/4 — 2 to the plane on which the principal stress acts. 


The initial stresses on a soil are oj = of and a; = K,o!, where K, is the lateral earth 
pressure coefficient at rest (see Chapter 3). The soil was then brought to failure by re- 
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ducing cj while keeping c; constant. At failure, a — Ko;, where K is a lateral earth 
pressure coefficient. Show that 
Tt lcd X 
Ta 1-K, 
where 7,, is the maximum shear stress under the initial stresses and 7, 
stress. 





sin d 













failure shear 


5.3 Sand is placed on a clay slope as shown in Fig. P5.3. (a) Show that will be unstable 
(i.e., fail by sliding) if 9 — '. (b) Does the thickness of the 
failure? (c) If b’ = 25° and 6 = 23°, determine the factor 





nd a shear stress of 30 kPa 
ion angle of the soil is 25°. Will the 


n 
Un 


a soil. Determine the peak and critical 
friction angle and the dilation angle. 





Shear stress (kP 


Shear strain (%) 


FIGURE P5.5 


5.6 The following results were obtained from three shear box tests on a sample of sandy clay. 
The cross section of the shear box is 6 cm X 6 cm. 


1250 1000 500 250 
506 405 325 255 


Normal force (N) 
Shearing force (N) 





(a) Determine the critical state friction angle. 
(b) If the soil is dilatant, determine d; at a normal force of 250 N. 
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5.7 


5.8 


5.9 


5.10 
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The results of a direct shear test on a dense sand are shown in the table below. Determine 
$5, $4 and o,. The vertical force is 200 N and the sample area is 100 mm X 100 mm. 





Horizontal 0.00 025 0.38 #064 076 102 152 
displacement 3.18 3.68 4.06 4.57 5.08 5.59 6.10 
(mm) 711 762 813 864 914 965 10.16 
Vertical 000 0.00 -0.02 -0.03 -004  -0.04 


displacement 0.09 0.14 0.15 0.19 0.22 0.24 
(mm) 


2.67 2.92 
6.60 6.86 










04 0.06 
0. 0.28 0.28 
0.28 0.28 | 0.28 0.28 . 028 0.28 0.28 
Horizontal 0.0 17.7 193 334 403 549 
force (N) 137.4 1488 1559 1617 169.6 


172.9 163.5 161.2 
























3 127.2 133.8 
4.4 176. 177.7 177.7 176.4 


: 159.8 15€ 58.8 
160.8 T 8 


A cylindrical sample of soil 50 mm in diam 
radial effective stresses. When the verti 
stresses at failure are (o1), = 280 kPa*anc kPa. in soil volume at 
failure was 800 mm?. Determine i ain at fai etric strain at 


long was subjected to axial and 


(a) Determine the, o.,, &, 
(b) If v’ = 0.3, ulate G. 








Axial Change in Axial Change in 
displaceme volume load volume 
(mm) (cm?) (N) (cm?) 
3.2 604.3 -2.7 
5.2 593.0 —3.2 
6.4 576.0 —34 
7.1 564.8 -3.5 
9.7 525.2 —3.6 
1.6 .7 12.9 497.0 —3.7 
1.9 -1.9 15.5 480.0 -3.7 





CU tests were carried out on two samples of a clay. Each sample was isotropically con- 
solidated before the axial stress was increased. The following results were obtained. 





(os), (a, oad 93); Au, 
Sample No. (kPa) (kPa) (kPa) 
| 420 320 205 
li 690 365 350 





(a) Draw Mohr’s circles (total and effective stresses) for each test on the same graph. 
(b) Why are the total stress circles not the same size? 

(c) Determine the friction angle for each test. 

(d) Determine the undrained shear strength at a cell pressure, (o3); of, 690 kPa. 

(e) Determine the shear stress on the failure plane for each sample. 
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5.11 CU tests were conducted on a compacted clay. Each sample was brought to a saturated 
state before shearing. The results, when no further change in excess pore water pressure 
or deviatoric stress occurred, are shown in the table below. Determine (a) óz and (b) s, 
at a cell pressure of 420 kPa. 


(m4, — v3] 


ao; (kPa) (kPa) Au (kPa) 


140 636 -71 
280 1008 -512 


420 1323 —19.4 


itions. The failure stresses and 





5.12 Three samples of a loose sand were tested 
excess pore water pressures for each sa 





er CU c 
n be 








Sample 


No. (os), (kPa) 





Stress 






Stress 

imposed by imposed by Axial 

plunger Au plunger strain, £ Au 
(kPa) (95) (kPa) (kPa) (%) (kPa) 
0 0 0 35.0 0.56 34.8 
5.5 0.05 4.0 50.5 1.08 41.0 
11.0 0.12 8.6 85.0 2.43 49.7 
24.5 0.29 19.1 105.0 4.02 55.8 


28.5 0.38 29.3 120.8 9.15 59.0 


(a) Plot the deviatoric stress against axial strain and excess pore water pressure against 
axtal strain. 

(b) Determine the undrained shear strength and the friction angle. 

(c) Determine E’ and E}. 

(d) Determine Skempton's A. 
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5.14 Three CU tests with pore water pressure measurements were made on a clay soil. The 
results at failure are shown below. 















ga (kPa) 9, — 03 (kPa) Au (kPa) 
150 87.5 80 
275 207.5 115 


500 345 230 


(a) Determine the friction angle for each test. 
(b) Determine the undrained shear strength at a 
(c) Determine the maximum shear stress and 


kPa. 
ress for each test. 


5.15 






The following data at failure were obtaine 





Test oa (kPa) 94 — 03 (kPa 





,if a CD test were carried 







e two 


e of 210 kPa in the CU tests. Predict the excess 
of the UU test samples. 










Au (kPa) 





04 — U3 (kPa) 





To be determined 


210 246 To be determined 
CU 57 74.2 11.9 

133 137.9 49.0 

210 203 86.1 


5.18 The failure stresses in a simple shear constant-volume test are shown in the table below. 


Total normal stress on the horizontal plane 300 kPa 
Total normal stress on the vertical plane 200 kPa 


Total shear stress on the horizontal and vertical planes 100 kPa 
Pore water pressure 50 kPa 
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(a) Draw Mohr's circles of total and effective stresses and determine the magnitude of 
the principal effective stresses and direction of the major principal effective stresses. 

(b) Determine the friction angle assuming the soil is nondilational. 

(c) Determine the undrained shear strength. 













Practical 


5.19 You are in charge of designing à retaining wall. What labor *51$- would. you specify 
for the backfill soil? Give reasons. 


520 The following results were obtained from CU tests on a is the foundation 


material for an embankment: 





o, (kPa) — «v,— o, (kPa) Au (kPa) 


300 331 111 
400 420 
600 487 











Recommend the shear st aram rt- and long-term anal- 
yses. The maximum confin 3 interest is 300 kPa. 


(OQ. 
$ 
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6.0 INTRODUCTION à. , 





oik behavior. We looked at the 
fecti * stresses and stress paths in 
'ar strength in 
SS state than 


So far, we have painted individual pi 
physical characteristics of soil in Chaptei 























its current one, the shear streng 5 ount of 
increase depends on the sail type, the leadi ións (drain undrained 
condition), and the stress for | | pictures should all be 
linked together: B 

In this chapte e are gol ake the individ ctures and build à 
mosaic that will i se f Oo} icipate soi] behavior. 
Our mosaic is ly i Ite-consolidation and shear strength. Real 
soils, of Cour m nosaic nc because sous are natural, 
complex | | and loading paths cannot be antic- 


fide a simple framework to describe, 
nses to various loadings. The framework is 


sing the critical state model to provide a generalized 
avior rather than on the mathematical formulation. 


ől behavior. However, the CSM captures the behavior of soils 
that are of greatest importance to geotechnical engineers. The central idea in the 
CSM is that all soils will fail on a unique failure surface in (q, p', e) space. Thus, 
the CSM incorporates volume changes in its failure criterion unlike the Mohr- 
Coulomb failure criterion, which defines failure only as the attainment of the 
maximum stress obliquity. According to the CSM, the failure stress state is in- 
sufficient to guarantee failure; the soil structure must also be loose enough. 
The CSM is a tool to make estimates of soil responses when you cannot 
conduct sufficient soil tests to completely characterize a soil at a site or when you 
have to predict the soil’s response from changes in loading during and after con- 
struction. Although there is a debate on the application of the CSM to real soils, 
the ideas behind the CSM are simple. It is a very powerful tool to get insights 
into soil behavior, especially in the case of the “what-if” situation. There is also 
a plethora of soil models in the literature that have critical state as their core. By 
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studying the CSM, albeit a simplified version in this chapter, you will be able to 
better understand these other soil models. 
When you have studied this chapter, vou should be able to: 





You will make use of all the marcii you iuo i in Chapters 2 to 5 but 
particularly: 


* Index properties (Chapter 2) 

* Effective stresses, stress'invariants; and stress paths noci 3) 
* Primary consolidation (Chapter 4) 

* Shear strength (Chapter 5) 


Sample PracticalSituation An oil tank is te be Constructed on a soft al- 
luvial clay. [t Was decided that the clay wOiild=bespréloaded with a circular em- 
bankment imposing a stréss equal to, at least;.the total applied stress of the tank 
when filled. Sand drains are to be uSed to accelerate the consolidation process. 
The foundation for the tank is a cifcular slab of concrete and the purpose of the 
preloading j$ to Yéduce the total settlement of the foundation. You are required 
to advise the owners on how, the tank Should be filled during preloading to pre- 
vent premature failure. After, preloading, the owners decided to increase the 
height of the tank. Yow are requested to determine whether the soil has enough 
Shedr'Strength to support an, additional increase in tank height, and if so the 
amount of settlement that can be expected. The owners do not want to finance 
any further preloading and soil testing. 





P 6.1 DEFINITIONS OF KEY TERMS 


Overconsolidation ratio (R,) is the ratio by which the current mean effective 
stress in the soil was exceeded in the past (Ro = pa'p where pi is the past max- 
imum mean effective stress and pi is the current mean effective stress). 


Compression index (X) is the slope of the normal consolidation line in a plot of 
the natural logarithm of void ratio versus mean effective stress. 


Unloading/reloading index or recompression index («) is the average slope of 
the unloading/reloading curves in a plot of the natural logarithm of void ratio 
versus mean effective stress. 


Critical state line (CSL) is a line that represents the failure state of soils. In 
(q, p') space the critical state line has a slope M, which is related to the friction 
angle of the soil at the critical state, In (e, In. p') space, the critical state line has 
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a slope A, which is parallel to the normal consolidation line. In three-dimensional 
(q, p', e) space, the critical state line becomes a critical state surface. 










6.2 QUESTIONS TO GUIDE YOUR READING 





1. What is soil yielding? 
2. What is the difference between yielding and 
3. What parameters affect the yielding and fail 


5. What are the critical state parametérs and¥how can you determine them 
from soil tests? 


6. Are strains important in soil 


7. What are the differences | 
ferent stress paths? 





in responses of soils due to dif- 











T 6.3 BASIC CONCEPT 


state, we are going to map 






ition, you 
The Mohr-C 





line in (t,o zig space of Falon pas = tan [Ta 
pace as a line of slope M = q,/p,, where the 
ead of a plot of e versus g}, we will plot the data 
instead of e versus log a), we will plot e versus In p' 


(6.1) 


(6.2) 





Both à and x are positive for compression. For many soils, «/A has values within 
the range ; to 4. We will formulate the relationship between ¢!, and M later. 
The overconsolidation ratio using stress invariants is 


(6.3) 
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Failure line or critical state line: M = E 
t Py 


(o), 





Failure line: $2, = tan”! 


ted mean effective stress. The overconsolidation ratio, R,, 
(6.3) is not equal to OCR [Eq. (4.13)]: 





(You will be required to prove this equation in Exercise 6.1.) 


6.3.2 Failure Surface 


The fundamental concept in CSM is that a unique failure surface exists in 
(q, p', e) space, which defines failure of a soil irrespective of the history of loading 
or the stress paths followed. Failure and critical state are synonymous. We will 
refer to the failure line as the critical state line (CSL) in this chapter. You should 
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e characterized by continuous shear 
umé, In stress space (g, p') the CSL is a straight line 
lope M — M,, for.co ion, and M = M,, for extension (Fig. 6.2a). Ex- 

yn does not M^refers to the case where the lateral stress is 
ere is a corresponding CSL in (p’, e) space 
ig. 6.2c) that is parallel to the normal consolidation 










t the CSL in a single three-dimensional plot with axes 4, 
, but we will use the projections of the failure surface in 


the (gq, p') spac the (e, p') space for simplicity. 





6.3.3 Soil Yielding 


You should recall from Chapter 3 (Fig. 3.8) that there is a yield surface in stress 
space that separates stress states that produce elastic responses from stress states 
that produce plastic responses. We are going to use the yield surface in (q, p") 
space (Fig. 6.3) rather than (o, o5) space so that our interpretation of soil re- 
sponses is independent of the axis system. 

The yield surface is assumed to be an ellipse and its initial size or major 
axis is determined by the preconsolidation stress, p. Experimental evidence 
(Wong and Mitchell, 1975) indicates that an elliptical yield surface is a reasonable 
approximation for soils. The higher the preconsolidation stress, the larger the 
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A-— elastic stress state 
B— initial yielding 
C— elastoplastic 






Expanded yield surface 


Initial yield surface in compression 






















are the same for extension except that t 
in extension is smaller than in compress 


loading the stress poi S ace and not outside, 
as depicted by C. .Effecti ; .3) cause the soil to 

X ny stress state below failure, 
yield surface expands, the 


the soil will e an elastic material. As t 


f Normally 
Overco solidated 


1ow a sample of soil of initial void ratio e, will 
ained condition in a triaxial apparatus, that is, a 
that the soil sample in a CD test is isotropically 


re going to consolidate our soil sample up to a maximum 
stress pi, and then unload it to a mean effective stress pi such 
< 2. We can sketch a curve of e versus p' (AB, Fig. 6.4b) during 


the line AB (Fig. 6.4c) is called the isotropic consolidation line. The line BC is 
the urlloading/reloading line of slope x. 

The preconsolidated mean effective stress, p., determines the size of the 
initial yield surface. A semi-ellipse is sketched in Fig. 6.4a to illustrate the initial 
yield surface for compression. We can draw a line, OS, from the origin to rep- 
resent the critical state line in (q, p') space as shown in Fig. 6.4a and a similar 
line in (e, p') space as shown in Fig. 6.4b. Of course, we do not know, as yet, the 
slope M, or the equation to draw the initial yield surface. We have simply selected 
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increasing the stress, keeping the cell pressure, g}, constant and allowing 
the sample to drain. You should recall from Chapter 5 that the effective stress 
path for a CD test has a slope q/p' — 3. The effective stress path is shown by CF 
in Fig. 6.4a. The effective stress path intersects the initial yield surface at D. All 
stress states from C to D lie within the initial yield surface and, therefore, from 
C to D on the ESP the soil behaves elastically. Assuming linear elastic response 
of the soil, we can draw a line CD in (q, €,) space (Fig. 6.4c) to represent the 
elastic stress—strain response. At this stage, we do not know the slope of CD but 
later you will learn how to get this slope. Since the line BC in (e, p') space 
represents the unloading/reloading line (URL), the elastic response must lie 
along this line. The change in void ratio is Ae — ec — ep (Fig. 6.4b) and we can 
plot the e versus £, response as shown by CD in Fig. 6.4d. 

Further loading from D along the stress path CF causes the soil to yield. 








6.3 BASIC CONCEPTS 269 


The initial yield surface expands (Fig. 6.4a) and the stress—strain response is a 
curved path (Fig. 6.4c) because the soil behaves elastoplastically (Chapter 3). At 
some arbitrarily chosen loading point, Æ, along the ESP, the size (major axis) of 
the yield surface is pé corresponding to point G in (e, p') space. 

The total change in void ratio as you load the sample from D to E is DE 
(Fig. 6.4b). Since E lies on the yield surface corresponding to a mean effective 
stress pz, then E must be on the unloading line, EC’, as illustrated in Fig. 6.4b. 
If you unload the soil sample from Æ back to C, the soil will follow an unloading 
path, EC’, parallel to BC as shown in Fig. 6.4b. 

We can continue to add increments of loading along the ESP until the soi 
fails. For each load increment, we can sketch the -strain curve and the pa 
followed in (e, p') space. Failure occurs when t tersects the critical state 
line as indicated by F in Fig. 6.4a. The failur 





test after consolidating the 
d according to our CSM. We 
ition the soil volume remains constant, 

es, that produce an elastic response is 
effective stress, Ap’, is zero for linearly elastic 
$ Zero, the mean effective stress at failure 


(e, p') space as illustrated by CF in Fig. 6.5b. 
the mean effective stress at failure in (e, p') space 
line in (q, p') space gives the deviatoric stress at 
e ESP is vertical within the initial yield surface (CD, 
ess can readily be found from the intersection of the ESP 
yield surface. Points C and D are coincident in the (e, p') plot as 
ig. 6.5b because Ap’ = Q. For normally consolidated and pe 


creases significantly after yielding occurs. 

he TSP has a slope of 3 (Chapter 5) as illustrated by CG in Fig. 6.52. The 
erence in mean stress between the total stress path and the effective path 
gives the change in excess pore water pressure. The intersection of the TSP with 
the critical state line at G is not the failure point because failure and deformation 
in a soil mass depend on effective not total stress. By projection, we can sketch 
the stress-strain response and the excess pore water pressure versus strain as 
illustrated in Figs. 6.5c,d. 
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FIGURE 6.5 





the critical state line in the e versus p' plot. The ESP for a 
CD test has a slope of 3 and intersects the initial yield surface at D. Therefore, 
from C to D the soil behaves elastically as shown by CD in Figs. 6.6b,c. The 
intersection of the ESP with the critical state line is at F (Fig. 6.6a), so that the 
yield surface must contract as the soil is loaded to failure. The initial yield shear 
stress is analogous to the peak shear stress for dilating soils. From D, the soil 
expands (Figs. 6.6b,d) and strain softens (Fig. 6.6c) to failure at F. 

The CSM simulates the mechanical behavior of heavily overconsolidated 
soils as elastic materials up to the peak shear stress and thereafter elastoplasti- 
cally as the imposed loading causes the soil to strain soften toward the critical 
state line. [n reality, heavily overconsolidated soils may behave elastoplastically 
before the peak shear stress is achieved but this behavior is not captured by the 
simple CSM described here. 
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b (dl) 










p' 






in (e, p') space is CF as show 
iur F. The excess 
l : 


. Initial yielding is attained at D and 
pressures at initial yield, Au,, and at failure, 


: boundary separating normally consolidated and lightly over- 
ed soils and heavily overconsolidated soils. Stress states that lie to the 
| e SL will result in compression and strain hardening of the soil; stress 
it lie to the left of the CSL will result in expansion and strain softening 





6.3.8 Volume Changes and Excess 
‘ore Water Pressures 


If you compare the responses of soils in drained and undrained tests as predicted 
by the CSM, you will notice that compression in drained tests translates as pos- 
itive excess pore water pressures in undrained tests, and expansion in drained 
tests translates as negative excess pore water pressures in undrained tests. The 
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FIGURE 6. 


also pr 
n harden to failure, 
redicted r nse 
S ponses (Chapter 5 


than the CSL g. 6.8) will not produce shear failure in the soil because the 
ESP will never intersect the critical state line. You can load a normally consoli- 
dated or a lightly overconsolidated soil with an ESP that causes it to respond like 





ive Stress Paths 













ESP that causes a lightly over- 
consolidated soil to respond like 
a heavily overconsolidated soil 


ESP of slope less than M, will 
not produce soil failure 


FIGURE 6.8 Effects of effective stress paths on soil response. 
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an overconsolidated soil as shown by OB in Fig. 6.8. Effective stress paths similar 
to OB are possible in soil excavation. Remember that a soil must yield before it 













fails. 
The essential points are: 
1. There is a uni ue critical state line in (q, p') spa pace and 
e for soils. — 





ing critical state line ii E E spac 


What's next ...You were give illustration usinc geometry of the es- 
sential ingredients of t itica unknowns. For ex- 
ample, you did not know 2 critical state fine and the equation of the 
yield surface. In th ( s to find these unknowns. 
Remember that ple mosai coupling the essential fea- 








6.4 E =MENTS OF THE CAL 
STATI AOL 


1.1 Yield 















(6.4) 


oretical basis for the vield m is presented by Schofield and 
) and Roscoe and Burland (1968). You can draw the initial yield 
the initial stresses on the soil if vou know the value of M. 


6.4.2 Critical State Parameters 


.4.2.1 Failure Line in (q, p') Space The Mohr—Coulomb failure criterion 
for soils as described in Chapter 5 can be written in terms of stress invariants as 


(6.5) 





where qp is the deviatoric stress at failure (similar to 7,), M is a friction constant 
(similar to tan $), and p; is the mean effective stress at failure (similar to o;,). 
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For compression, M = M. and for extension M = M.. The critical state line 
intersects the yield surface at p;/2. 

Let us find a relationship between M and dx, for axisymmetric compression 
and axisymmetric extension. 









Axisymmetric Compression 


Py (oi + 204 
3 


We know from Chapter 5 that 


Therefore, 


(6.6) 


(6.7) 


(6.8) 


or 





(6.9) 


An important point to note is that while the friction angle, s, is the same for 
compression and extension, the slope of the critical state line in (q, p') space is 
not the same. Therefore, the failure deviatoric stresses in compression and ex- 
tension are different. Since M. < M., the failure deviatoric stress of a soil in 
extension is lower than that for the same soil in compression. 
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To use the critical state model, you must also know the.initial stresses, for 


example, p; and p;, and the initial void ratio 


EXAMPLE 6.1 


A CD test at a constant cell press 
sample of normally consolidated kPa. What 


ermine the 





use these to compute 


ate M.. You can 





bi and then use 
then calculate p; 


Solutio 
Step 1: Fi € major principal stre 
i) = 140 + 120 = 260 kPa 











ind pés- 






6 sin das _ 6 X 0.37 

3 — sin o 3-037 
|. 6sin $4 6 x 0.37 
3 + sin oh 3 +0.37 


Find q; for extension. 


q; = A X 140 — 110 kPa 





EXAMPLE 6.2 


A saturated soil sample was isotropically consolidated in a triaxial apparatus and 
a selected set of data is shown in the table. Determine \, x, and er. 
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Condition Cell pressure (kPa) Final void ratio 





Loading 200 1.72 
1000 1.20 
Unloading 500 1.25 


Strategy Make a sketch of the results in (e, In p') space to provide a visual 
aid for solving this problem. 






Solution 6.2 


Step I: Make a plot of In p' versus e. 
See Fig. E6.2. 






Void ratio 


es pe ee pe es es Â 






— hus I» uit 08 


BA 









FIGURE E6.2 








Step 2: 


wow know the key parameters to use in the CSM. Next, we will 
ict the shear strength of soils. 


6.5 RE STRESSES FROM 
THE CRITICAL STATE MODEL 





6.5.1 Drained Triaxial Test 


Let us consider a CD test in which we isotropically consolidate a soil to a mean 
effective stress p; and unload it isotropically to a mean effective stress of p; (Figs. 
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Impossible stress states ESP - TSP 


[^w 


Failure line 










Impossible states 








V 


6.10 





(b) 
ailure in CD tésts. 









a,b) such that Rg = 2. Th of the ESP = TSP is 3:1 as shown by AF 
ersect the critical state line at F. We need to find 


he stresses at F. ion for the ESP is 


qs 7 Xp; — po) (6.14) 


itical state line, using a generic M, which for compression 


is M. and for extension is M,, is 
q; = Mp; (6.15) 


The intersection of these two lines is found by equating Eqs. (6.14) and (6.15), 
which leads to 


1 — _ 3Po 
PH wy (6.16) 
and 
| 3Mpi 
q; 7 Mp; = EX (6.17) 


Let us examine Eqs. (6.16) and (6.17). If M — M, — 3, then p; — © and 
q, — 9». Therefore, M, cannot have a value of 3 because soils cannot have infinite 
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strength. If M. > 3, then p; is negative and q,; is negative. Of course, p; cannot 
be negative because soil cannot sustain tension. Therefore, we cannot have a 
value of M. greater than 3. Therefore, the region bounded by a slope q/p = 3 
originating from the origin and the deviatoric stress axis represents impossible 
soil states (Fig. 6.10a). For extension tests, the bounding slope is g/p = —3. Also, 
you should recall from Chapter 4 that soil states to the right of the normal con- 
solidation line are impossible (Fig. 6.10b). 

We have now delineated regions in stress space (q, p’) and in void ratio 
space versus mean effective stress—that is, (e, p') space, that are possible for 
soils. Soil states cannot exist outside these regions. 











6.5.2 Undrained Triaxial Test 


In an undrained test, no volume change occ 
that Ae, — 0 or Ae = 0 (Fig. 6.11) and, 


By rearranging Eq. (6.18), we 


Since q, — Mp;, th 


(6.20) 


FIGURE 6.11 Failure in CU tests. 
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For a CU test, the TSP has a slope of 3 (Fig. 6.11). For the elastic range of 
stress, the ESP is vertical (Ap’ = 0) up to the yield stress and bends toward the 
critical state line as the pore water pressure increases considerably after yield. 

The undrained shear strength, denoted by s,, is defined as one-half the 
deviatoric stress at failure. That is, 


— un m 
UE k 


For a given soil, M, ^, and er are constants and the on 
the initial void ratio. Therefore, the undrained Shear 
saturated soil depends only on the initial void r 


(6.21) 














in Eq. (6.21) is 
a particular 
er content. You 


gth 





shear strength of one sample if w 
other. Consider two samples, ^ 
drained shear strength is 


Let us examine the 
ter conte 
t of sample B is sample A, that is, (Wg — Wa) is positive, A = 
.15 (a typical value clay), and G, = 2.7. Putting these values into Eq. 
6.22), we get 







(Gua 
(5.)n 


That is, a 1% increase in water content causes a reduction in undrained shear 
strength of 2096 for this soil. The implication on soil testing is that you should 
preserve the water content of soil samples, especially samples taken from the 
field, because the undrained shear strength can be significantly altered by even 
small changes in water content. 

For highly overconsolidated clays (R, > 2) or dense sands, the peak shear 
stress (q,) is equal to the initial yield stress (Fig. 6.7). Recall that the CSM predicts 
that soils with R, > 2 will behave elastically up to the peak shear stress (initial 
yield stress). By substituting p' — p; and q — q, in the equation for the yield 
surface [Eq. (6.4)], we obtain 


= 1.20 


q; 


(ps)? E: PoP: + T -0 
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which simplifies to 


R,-1; R>2 (6.23) 





and 
=> PSVRo— 1; Ro >2 | (6.24) 


The excess pore water pressure at failure is found from the difference be- 
tween the mean total stress and the corresponding mean effective stress at failur 
that is, 


Au, — p, 
From the TSP, 


Therefore, 


(6.25) 


I 
T 


T. ox CD AME p e 
E pg oe oe Le On ID Uu rrj. Je EJ » 
tate 'ine gives the failu MESS 
Pm ee ee! a Te wm Lg Pw xt mm 

nt Y 4 


n 
wr 
esses, 


E " P - Me ig" E ] 
UT PI Sel? ates ean lt Ok fee eed dice er an be dl ened om 
reste vy On fhe |. T. 4! Ai ratio. 
JEnasS onty ON | 'he initi ab OIU TOLO. 


- BF we. 


u" tacy 2 ~4 4 J 
v Ch Hornr Crop? : P 
a o oIECI x ff. Si 


and (o3),; and (b) the failure stresses p}, q;, (o1),, and (04);. Esti- 
le B the excess pore water pressure at yield and at failure. The soil 


nt at 200 kPa. 


Strategy Both specimens have the same consolidation history but are tested 
er different drainage conditions. The yield stresses can be found from the 
intersection of the ESP and the initial yield surface. The initial yield surface is 
known since p. — 300 kPa, and M can be found from ¢;.. The failure stresses can 
be obtained from the intersection of the ESP and the critical state line. It is always 
a good habit to sketch the q versus p’ and the e versus p' graphs to help you 
solve problems using the critical state model. You can also find the yield and 
failure stresses using graphical methods as described in the alternative solution. 
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Solution 6.3 
Step l: Calculate M.. 


M. = 6 sin 30° 


= — — = 1.2 
3 — sin 30° 






















Step 2: Calculate ey. 
From Eq. (6.13), 
es =e, + (A — x) In + k In p = 1.10 + (0.3 — 0.05) | 


+ 200 = 2.62 


00 
Step 3: Make a sketch or draw a scaled plot versus p’ and the e 
versus p' graphs. 


See Figs. E6.3a,b. 
Step 4: Find the yield stresses. 


Drained Test Let p; and 
From the equation for the yield surfg 






q; 


Np; + aK (1) 
= 600 (2) 
solutions: p, = 140.1 kPa, 


Pa. Of course, q, = —179.6 kPa 













From the ESP, 


SolvingeEas. ( 
dy = -179.Âk Pi 


9 


© 
a 


d (2) for p; e 
b, — 246.1 kPa, 


JU 
"wv 











Initial yield 
- surface 








0 p, 300| 500 
p'(kPa) ^" 
(a) 





FIGURE E6.3a,b 
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is not possible because we are conducting a compression test. The yield stresses 
are then p, — 246.1 kPa, q, — 138.2 kPa. 
Now, 









dy ^ (o1), — (03), = 138.2 kPa; (o3), — 200 kPa 
Solving for (gi); gives 
(c)s = 138.2 + 200 = 3382 kPa 


Undrained Test The ESP for the undrained test is vertical for the region 
of stress paths below the yield stress, that is, Ap’ = 0. From the yield surfa 
[Eq. (6.4)] for p' 7 p; — p;, we get 

4; 


200° — 200 x 300 + 7; 











and 





qy 





From the TSP, 









ay 169.7 
= at 


e at yield i 
00 — 56.6 kPa 


Equation (6.16): p; — : 2 n 


Equation (6.5): q; = 1.2 x 333.3 — 400 kPa 


= 333.3 kPa 





Now, 
ar = (ai), — (04), = 400 kPa and (04), = 200 kPa 
Solving for (g1);. we get 
(c1), — 400 -- 200 — 600 kPa 
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Undrained Test 





2.62 — 1.10 
0.3 
Equation (6.5): q; = 1.2 X 158.6 = 190.3 kPa 


Equation (6.19): p; = exp( | = 158.6 kPa 












Now, 


, . (01) * X03 
p~ 3 
q, 7 (o), — (a3), ^ 190.4 kPa 
Solving for (o1); and (o:);, we find 
(c1); = 285.5 kPa and 


= 158.6 kPa 


Graphical Me i normal consol- 












300 
0 —,0.05 In 200 ^ 1.08 


Void ratió at In p' — 1 


dation line is then 
= 2.79 — 0.3 In p' 


equation for thé normal c 


he equation for thewunloading/reloading line is 





e = 1.08 + 0.05 In 7 
P 
The equation for the critical state line in (e, p’) space is 
e — 2.2 — 03 In p' 


Now you can plot the normal consolidation line, the unloading/reloading line, 
and the critical state line as shown in Fig. E6.3b. 


Plot Initial Yield Surface The yield surface is 


2 
"X2 om , + s = | 
(p'Y - 300p * cb = 0 


For p' — 0 to 300, plot the initial yield surface as shown in Fig. E6.3a. 
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EXAMPLE 6.4 


Determine the undrained shear strength in (a) a CU compression test and (b) a 
CU extension test for a soil with R, = 5, p, = 70 kPa, and 2, = 25°. 


Strategy Since you are given ¢{,, you should use Eqs. (6.6) .8) to find 
M, and M,. Use Eq. (6.24) to solve the problem. 


Solution 6.4 
Step 1: Calculate M, and M,. 
_ 6sin $4 _ E 
Me = 3 — sin $4 — 9 


Step 2: Calculate s,,. 
Use Eq. (6.24). 











Or, by proportio 









xtension: 


EXAMP 


> In situ 












5 
ter content.óf a sail sample is 48%. The water content decreases 


% due to transportat the Sample to the laboratory and during sample 
aration. What di nce 

3 and G, = 2.7? 

AS 


ained shear strength could be expected if ^ 
Solution 6 


Step 1: Determine the difference in s, values. 
Use Eq. (6.22). 


(Suha _ (2.7(0.48 — 0.44)\ _ 
(Sy )peta UN ( 0.13 | en 
The laboratory undrained shear strength would probably show an 


increase over the in situ undrained shear strength by a factor greater 
than 2. ü 






is problem is a straightforward application of Eq. 





What's next . . .We have discussed methods to calculate the failure stresses. But fail- 
ure stresses are only one of the technical criteria in the analysis of soil behavior. We 
also need to know the deformations or strains. But before we can get the strains from 
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the stresses we need to know the elastic, shear, and bulk moduli. In the next section, 
we will use the CSM to determine these moduli. 


6.6 SOIL STIFFNESS 





The elastic modulus, £', or the shear modulus, G, and the bulk modulus, K’, 
characterize soil stiffness. In practice, E' or G, and K' are commonly obtained 
from triaxial or simple shear tests. We can obtain an estimate of E’ or G and K’ 
using the critical state model and results from axisymmetric, isotropic consoli 
dation tests. The void ratio during unloading/reloading is described by 











(Fig. 6.12). The unloading/reloading 
characteristic of elastic materials. Di 


But, from Eq. (3.99), 


no 


V or K', we obtai 






(6.29) 


From Eq:(3.1 


E' - 3K'(1 - 2v) 


FIGURE 6.12 Loading and unloading/reloading (elastic) response of soils in 
(e-p' In) space. 
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Therefore, 
E' = us | (6.30) 
Also, from Eq. (3.102), 


Therefore, 


(6.31) 


3p'(1 + eo)(1 — 2v') _ NO 
G= 
2k(l t v') 


Equations (6.30) and (6.31) indicate .tha ihe astic constants, E' and G, 


in shear strains tend to lead 
strains lead to decre 
with increasing st 

It is custo 
of applied shear 








ease with distance away from a structure and local 
foundation slab, for example, can be much greater 


GK E 





-—— ooo oo ooo ooo oo ooo ooo ooo 


Small strains | Intermediate strains 
0.001 


FIGURE 6.13 Schematic variation of shear, bulk, and Young's elastic moduli with 
strain levels. 


Large strains 
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y, £y, € (6) 
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soil stiffness varies within the loaded region of the soil. Consequently, large set- 
tlements and failures are usually initiated in the loaded soil region where the soil 
stiffness is the lowest. 

In conventional laboratory tests, it is not practical to determine the soil 
stiffness at shear strains less than 0.001% because of inaccuracies in the mea- 
surement of the soil displacements due to displacements of the apparatuses them- 
selves and to resolution and inaccuracies of measuring instruments. The soil 
stiffness at small strains is best determined in the field using wave propagation 
techniques. In one such technique, vibrations are created at the soil surface or 
at a prescribed depth in the soil, and the shear wave velocity (V,a) is measur 
The shear modulus at small strains is calculated frc 


In the laboratory, the shear mod 
resonance column test (Drnevi 


Idriss (1970) for sands 
G — k, V/p' MPa 
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What's next . ..Now that we know how to calculate the shear and bulk moduli, we 
can move on to determine strains, which we will consider next. 





6.7 STRAINS FROM THE CRITICAL 
STATE MODEL 





6.7.1 Volumetric Strains 


The total change in volumetric strains consists of two p 
(elastic) and the unrecoverable part (plastic). We can | ression for the 
total change in volumetric strain as 


ee = P —ÁÀ—Á — de a 


mr ome me Gv Oeo Ge CHR CT- CERO 90 Ge Ge come eee o 


(h) 
FIGURE 6.14 Determination of plastic strains. 
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The change in void ratio for this stress increment is Ae = leg — ep] (Fig. 
6.14b) and the corresponding total change in volumetric strain is 


- (8m —-— — (6.36) 


m l +e, l+e, ppb 


l 





The volumetric elastic strain component is represented by ED’. That is, if you 
were to unload the soil from E back to its previous stress state at D, the rebound 
will occur along an unloading/reloading line associated with the maximum mean 
effective stress for the yield surface on which unloading starts. The elastic change 
in volumetric strain from £ to D is 








(6.40) 


nt: tie ions, the tote 
P 1 
q? 


- (p!) — p'p: t 4-70 


ent, Ae”, for an increment of stress is normal to the yield surface 
ormally, the plastic strain increment should be normal to a plastic 
tion but we are assuming here that the plastic potential function 
d surface (yield function, F) are the same. A plastic potential function 
is a Scalar quantity that defines a vector in terms of its location in space. Classical 
plasticity demands that the surfaces defined by the yield and plastic potential 
ncide. If they do not, then basic work restrictions are violated. However, mod- 
ern soil mechanics theories often use different surfaces for yield and potential 
functions to obtain more realistic stress-strain relationships. The resultant plastic 
strain increment has two components—a deviatoric or shear component, Ae7, 
and a volumetric component, Ae’, as shown in Fig. 6.14. We already found Ae? 
in the previous section. 

Since we know the equation for the yield surface [Eq. (6.41)], we can find 





292 


CHAPTER 6 ACRITICAL STATE MODEL TO INTERPRET SOIL BEHAVIOR 


the normal to it by partial differentiation of the yield function with respect to p' 
and q. The tangent or slope of the yield surface is 


dF — 2p' dp' — p. dp' * 2q E = (6.42) 










Rearranging Eq. (6.42), we obtain the slope as 


dq m - E 


a E (6.43) 





The normal to the yield surface is 







trains, 1s de2/d£^. Therefore, 
qM? 









which leads to 


(6.45) 


The elasti i ed from. (8.101); that is, 


(6.46) 


p’ and q. You have to calculate the strains for 
failure and then sum each component of strain 
because the critical state model considers soils as 


A sample of clay was isotropically consolidated to a mean effective stress of 225 
kPa and was then unloaded to a mean effective stress of 150 kPa at which stress 
e, 7 1.4. A CD test is to be conducted. Calculate (a) the elastic strains at initial 
yield and (b) the total volumetric and deviatoric strains for an increase of devia- 
toric stress of 12 kPa after initial yield. For this clay, 4 — 0.16, « — 0.05, 64 - 
25.5*, and v’ = 03. 


Strategy It is best to sketch diagrams similar to Fig. 6.4 to help you visualize 
the solution to this problem. Remember that the strains within the yield surface 
are elastic. 
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Solution 6.6 
Step 1: Calculate initial stresses and M.. 


= 225 kPa, p; = 150 kPa 











225 
Ro Tag 7 A 
Mi i 6 sin by = Sain 2S - 


3 -sm go, 3 — sin 255° 












Step 2: Determine the initial yield stresses. 
The yield stresses are the stresses at th 
yield surface and the effective stress 


intersection of the initial 


At the initial yiel 











Substituting 
equation fol 0 


= qy, and the values for M, and p; into the 
i yield surface [ ives 


) 


esults in 


qy — ¥0125 = 0 


or q, = —112.5 kPa. The correct 
ince we are applying compression to the soil 








answer is a = 
ample. Theref 


K Py 0.05 180 d 
—- — x 
ite Ps [1115 150 "esr d 








ic volumetric strains: Ae; = 


ternatively, you can use Eq. (6.38). Take the average value of p' 
from p; to p, to calculate K'. 


, _ Pot Py 150-180 





Pav — 2 = —— = 165 kPa 
"m 3p'(1 + e,) " 165(1 + 1.4) = 7920 kPa 
K 0.05 
_ Ap’ _ 180 — 150 os 
Ag, = oo uw t 38 x 10 
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Elastic shear strains 
_ 3p'(1 + e)(1 — 2v') 3x1650 + 1.4)(1 — 2 x 0.3) 
_ SE) eS TORE RSEN BOXE tS 
G TETT 2 x 0.05(1 + 03) ER 
Aq % — , 23 
as = ge 3x35 5 


Step 4: Determine expanded yield surface. 


After initial yield: Ag = 1 
Aq 12 

nAp' == =4kP 

P. 3 = 


+ 4= 184 kPa, 







516 — 0.05 184 
dea eng aed x —4 
Ix 14. "m 9 
102 
= 10 x 107 


1*(184 — 240.5/2) 





Step 6: Calculate total strains. 


Total volumetric strains: £, = Aes + Aes = (38 - 10)10* — 48 x 107? 


Total shear strains: £, — Aez + Ae? = [(82 + 11) + 16]10°* = 109 x 10™ 
a 


il 


EXAMPLE 6.7 


show that the yield surface in an undrained test increases such that 


= (pi) YT 
cJ prev p' 
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FIGORE E6.7 
| 





F 


rface; (pi) 
Ce, Porev 1S the previó 
mean effective s 


where p. is the current value of the major axis of the y 
previous value of the major axis of the yield : 
of mean effective stress, and p' is the current valu 











Strategy Sketch an e versus | 
tion given. 


Solution 6.7 


Step 1: Sketch an e versus In] 
See Fis 3 
Step 2: Prove the 






















(1) 
Pe 
— éc| = x In — 2 
D cl K p' (2) 
from Eq. (1), noting that e4 = ec, we obtain 
ev= enl = n [Ed Las (3) 
Porev J P 
from the normal consolidation line BD, we get 
Pe 
— ea3|— In | 4 
se men TE @ 
Substituting Eq. (4) into Eq. (3) and simplifying gives 
f K/(A—K) 
qe Ppeev 
pe (os p' | m 


What's next .. .We have calculated the yield stresses, the failure stresses, and strains 
for a given stress increment. In the next section, a procedure is outlined to calculate 
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the stress-strain, volume change, and excess pore water pressure responses of a 
soil using the critical state model. 


6.8 CALCULATED STRESS-STRAIN RESPONSE 




















methods described in the previous sections. The re 
Ph, €o, p. ot OCR, ^, K, ^4, and v'. The procedures fo 
follows. 


6.8.1 Drained Compression Te 


1. Determine the mean effective stress | sat initial yield, 
that is, p, and q,, by finding oordi of the initial 


(6.47) 
(6.48) 


2. Calculate 


the coordi line and the effective 


use Eqs. (6.16) and (6.17). 


* p,)/2] to calculate G. 
ie-Strain using Eq. (6.37) and initial 


6. Calculate reconsolidation stress, p., for each increment; that is, you 
are calculating the major axis of the ellipse using Eq. (6.4), which gives 


2 
pes pt +h (6.49) 
where p’ is the current mean effective stress. 
7. Calculate the total volumetric strain increment using Eq. (6.36). 
8. Calculate the plastic volumetric strain using Eq. (6.39). 
9. Calculate the plastic deviatoric strain increment using Eq. (6.45). 
10. Calculate the elastic deviatoric strain increment using Eq. (6.46). 


11. Add the plastic and elastic deviatoric strain increments to give the total 
deviatoric strain increment. 
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12. Sum the total volumetric strain increments (€,). 
13. Sum the total deviatoric shear strain increments (€,). 
14, Calculate 


Je, ^ £ € 
lg E iat b e (6.50) 


15. If desired, you can calculate 


2 
oi - + p' and oi =p'-4 


3 

e about 0.99p; to > 
ests 

es thë deviatoric strés 
e ive stress p i 






The last value of mean effective stress s 
instability in the solution. 


6.8.2 Undrained Compressio 


1. Determine the mean effectiv 











the intersection of a vertical li 
face. The equati termin 





strain from Eq. (6.46). 
e between the initial mean effective stress, 


p. K/(-— x) 
P onn ' prev 
Pe F Prel p' 


here the subscript “prev” denotes the previous increment, p} is the current 
preconsolidation stress or the current size of the major axis of the yield 
surface, and p' is the current mean effective stress. 


7. Calculate q at the end of each increment from 


p: 
= Mp! | -1 
(MET. 


8. Calculate the volumetric elastic strain increment from Eq. (6.37). 
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9, Calculate the volumetric plastic strain increment. Since the total volumetric 
strain is zero, the volumetric plastic strain increment is equal to the negative 
of the volumetric elastic strain increment; that is, Ae} = —Ae;. 


10. Calculate the deviatoric plastic strain increment from Eq. (6.45). 























11. Calculate the deviatoric elastic strain increment from Eq. 


12. Add the deviatoric elastic and plastic strain increment 
deviatoric strain increment. 


13. Sum the total deviatoric strain increments. E i onditions, 
E = E. 


14. Calculate the current mean total stress fro 
the current value of q from Step 7. For 


15. Calculate the change in excess pore.water pressure by subtracting the cur- 
rent mean effective stress from t 


EXAMPLE 6.8 


Estimate and plot the stress-stra 
and excess pore water pressures (u 









olume changes onditions), 
yed conditions) for two samples of the 
itions similar to 
to conditions 
$5 724, v! — 






a CD test and the 
similar to a CU t 
0.3, es = 1.15, pi = 


ld manually check some of 
ered the correct formulation. A 


6 sin Pes —  6sin 24 


ae E TT A ME 
^ 3-sinéó4 3-— sin 24° 





ulate er: ep = 2, + + (X= K) In ÈE + «in ps = 115 


0.25 — 0.05) in = + 0.05 in 200 = 2.38 


Each step corresponds to the procedures listed in Section 6.8. 


Sample A, Drained Test 


Step 1: 
, _ (Mp) + 18p;) VM pe + Teeth = ae WPN 
7 2(M? + 9) 
_ (0.94? x 250 + 18 x 200) + VOX DD FE DOO — (0347 HOOF 
2(0.94* + 9) 
= 224 kPa 


qy = 3(p) — pd) = 3(224 — 200) = 72 kPa 
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Step 2: 


, _ 3Mpo 
F^. M" 

, 3x 200 
Pí ^3 — 094 





- 2913 kPa, q; = Mp; — 0.94 x 291.3 = 273.9 kPa 


Step 3: 


, _ 200 + 224 
Pav = 2 

| .3p'(1 * e)(1—2v) | 
T 2«(1 + v’) 2 


— 212 kPa 









G 


Step 4: 
A 
(AES )initiat 


(Ae‘p hania = 


— 228 kPa, q = 71.9 + 12 83.9 kPa, 


83.97 


0.94? X 228 = 262.9 kPa 


0.25 228 
= — = D x -3 
m Py itis " 224 uum 





_ p' (025-— 0.05), 228 S 
» Py 1 + 1445 > 224 EM 






dis q i d 83.9 _ x a 
Asem Ae M"(p' — pi2) LA AI 0.94*(228 — 262.9/2) A96 39 
ep 10: 
e Aq = _ 12 = -3 
ART GU xe OAR 
Step 11: 


Ae, = Aet + Ae? = (1.0 + 1.6) X 10? — 2.6 x 1073 





300 
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Step 12: 


Ep = (At) + AE, = (2.6 - 2.1) X 10? = 47 x 10? 


Step 13: | 
Ey = (Alian + A£ = (5.7 + 2.6) X 107? = BAX 107 
Step 14: 


£i — £, * £,/3 — (83 + 4.7/3) X 10 9.8 5 





The spreadsheet program and the stress-strai 
and Figs. E6.8a,b. There are some slight differen 
ues shown above and the spreadsheet 


Drained Case 


0.25 


K 0.05 
bs 24 
866 1.15 


200 kPa 





Ace Ach G At, 
[x 107) (x10?) kPa) x107) (x 1077) 






fq = XAt, 
(x 107?) 
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FIGURE E6.8a,b 







B. 








Indrained Tes 


| 250 
= ^ Xx — Áo AE | 
0.94 my 200 | — 94 kPa 
2.38 — 1.15 
= PS =) = 137 kPa 


q; = Mp; = 0.94 x 137 = 128.8 kPa 





+ e,)(1 — 2v') _ 3 x 200(1 + 1.15) x (1 — 2 x 03) 


Ix 4- ») 7 x 0.05(1 + 03) e VEND SEEN 


Aq 94 i3 
| c "e E — D ——— ÁÀ — E x 
(Aegina 7 45 7 3x 39392 — 7^ * 19 


Step 5: Let Ap’ = 3 kPa. 






First stress increment after the initial yield follows. 
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Step 6: 
p’ = py — Ap’ = 200 — 3 = 197 kPa 
t K/(À—k) 0.05/(0.25 —0.05) 
Pprev 200 
| (pl = 250| — 
Pe wi p' e 
Step 7: 


gq = Mp E - 1-096 x 197 ES 
p 19 





120 


FIGURE E6.8c,d 
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Step 11: 











































na ag 97 —941 A 
ae = 3G 3 Kaa VAX 


Step 12: Ae, = e$ + Ae? = (0.24 + 0.54) X 107° = 0.78 x 107? 

Step 13: ©, = €; = (AeS)initia + A£, = (7.9 + 0.78) x 107 = 8.7 x 10° 
Step 14: p= p! + q/3 = 200 + 2 = 232.3 kPa 

Step 15: Au = p — p’ = 232.3 — 197 = 35.3 kPa 


The spreadsheet program and the stress-strain plots are shown in the table be 
and Figs. E6.8c,d. 






Undrained Triaxial Test 














Given data Calculated ales ^ 
À 0.25 M 0.94 Ap 3 kPa 
K 0.05 R, 1.25 2 ” Pa 
á 24 8s 2.38 3969.2 kPa 
€o 1.15 137.3 kPa 0 
Ps 200 kPa 0.007 


250 kPa 





t= 
Pe P Aes Ac, ZAcq E; p Au 
(kPa) (k | (x 1077) (x107?] (x10?) (x10?) (kPa) kPa) 


0.0 


3969.2 7.9 7.9 7.9 7.9 231.4 314 

3939.5 0.2 0.8 8.7 8.7 2323 35.3 

3879.9 0.2 0.8 9.5 9.5 233.2 392 

0.6 3820.4 0.2 0.9 10.4 10.4 234.1 43.1 
0.7 3760.8 0.2 0.9 11.3 11.3 2349 46.9 
0.8 3701.3 0.2 1.0 12.3 12.3 235.7 560.7 
0.9 3641.8 0.2 1131 13.4 13.4 2364 54.4 
1.0 3582.2 0.2 12 14.5 14.5 237.1 58.1 
1.1 3522.7 0.2 1.3 15.8 15.8 237.7 61.7 
1.2 3463.2 0.2 1.4 17.1 17.1 238.3 65.3 
1.3 3403.6 0.2 1.5 18.7 18.7 2389 68.9 
1.5 3344.1 0.2 1.7 20.3 20.3 2394 72.4 
1.7 3284.5 0.2 1.9 22.2 22.2 2399 75.9 
2.0 3225.0 0.1 2.2 24.4 24.4 2404 79.4 
2.4 3165.5 0.1 2.5 26.9 26.9 2408 828 
2.9 3105.9 0.1 3.0 29.9 29.9 2412 86.2 
3.5 3046.4 0.1 3.7 33.6 33.6 241.66 89.6 
4.6 2986.8 0.1 4.7 38.2 38.2 242.0 93.0 
6.3 2927.3 0.1 6.4 44.7 44.7 242.3 963 
9.9 2867.8 0.1 10.0 54.6 54.6 2426 99.6 
128.6 -0.5 0.5 21.4 2808.2 9.1 21.5 76.1 76.1 242.8 102.9 


129.2 -0.4 04 636.6 2752.7 0.1 6367 . 712.9 712.9 243] 1057 
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What's next... We have concentrated on isotropic consolidation of soils and axisym- 
metric conditions during shearing. The concepts and methodology developed are 
equally applicable to plane strain or other loading conditions. In nature, most soils 
are one-dimensionally consolidated, called K,-consolidation. Next, we will consider 
K,-consolidation using the critical state model. 














6.9 K,-CONSOLIDATED SOIL RESPONSE 








When a soil is one-dimensionally consolidated, anisotropy is conferred on the 
soil structure. The soil properties are no longer the directions, We 
can use our simple critical state model to providi info K.-consolidated 
soils although the model, as described, cannot handleanisotropy. We will assume 
that the yield surface is unaltered, that is, remains an ellipse, for K,,-consolidated 
soils. The normal consolidation line for a consolidated soil is shifted to the 


left of the normal consolidation ling | 'opically consolidated soil (Fig. 


* 
1 
"y | 
LLL 
E 












ically consohdat 
cient at rest. 


compared with p' — all that K, is 


$ tor 
the lateral earth p; l 


co 






K,-consolidation path 


Isotropic consolidation path 






Unloading path 


- So HB wo -o &BosG oom oou RA dA ue af 


(b) 


FIGURE 6.15 Comparison between a K,consolidated soil and an isotropically 
consolidated soil. 
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Let us compare the probable response of two samples, sample A and sample 
B, of a soil. Sample A is K,-consolidated while sample B is isotropically consol- 
idated. Both samples are normally consolidated to a void ratio e. The K,-con- 
solidated sample requires a lower mean effective stress to achieve the same void 
ratio as an isotropically consolidated sample (Fig. 6.15). The ESP from the iso- 
tropically consolidated sample is OB and for the K,-consolidated sample it is OA 
(Fig. 6.15a). You should recall from Chapter 3 that the stress path for isotropic 
consolidation is g/p’ = 0 and for K,-consolidation is 
























as the soil sample becomes overco 
tive stress path for sample A is 
void ratio is now different—t 
sample B it is ec. 

Let us now conduct a 
initial void ratio of the two sampl pect different 
a slope of 3:1 as depicted 
ial yield surface for both 
e at the same point, Y. 
ring it to yield compared with 
sample A iS Jo = = — K3Jo 


lume of the soil remains constant, so the paths to 
th samples are horizontal lines represented by DG 
e B). Sample A fails at G, which is at a lower deviatoric 
sample B fails (Fig. 6.15a). The implication is that two 
soil with different stress histories will have different shear 


path during shearing are thé same. 

see whether we can develop an equation to estimate the undrained 
ar Strength of a K,-consolidated soil based on the ideas discussed in this chap- 
and using Skempton's pore water pressure coefficients (Chapter 5). Consider 
turated soil that has been K,-consolidated and then subjected to total stresses 
a, and Ao; to bring it to failure. The initial stress conditions are (o5), 7 0 and 
(o3), ^ K,(o1),. Upon application of the stresses, Ac, and Ags, the gross stresses 
on the soil are 


t 
a 


ge. - (o1), " Ao, (6.52) 
oi = (oi), + Ao, — Au (6.53) 
o; = K,(o{), + Ao; (6.54) 


o3 = K,(0}), + Ao, — Au (6.55) 
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For a saturated soil, Skempton’s coefficient B = 1, and from Eq. (5.44) 
Au = Ag; + A(Ao; — Aoi) (6.56) 


Substituting Eq. (6.56) into Eq. (6.55) gives 









o; = K,(0;), — A(Ao, — Aa) 
Solving for Ao; — Ao4, we obtain 


Koloi) — 03 (6.57) 


Ao, = Ao, = 
At failure, 


K.(0})o + A 






(6.58) 


(6.59) 


At failure, 





by substitution into Eq. (6.59) leads to 


^. sin d&[K, * A(1 — K.) 
e E * (2A — 1) sin $4, (680) 










Lo s y d " r 4 ^ -1 e m awn 
| 4^ FLüllure SITESSE. SOLIS are dependeni on te Siress Aistory OF tie Soli. 


Tq 


2? Qtwe»occ hicf$nm Anaoec nant inflrronro tha oIncti» vocnnmco nf eni:lc 
J. JOIT€SS HISLOPTY GOES HOI [UH uy! HCHC | he elastic re: punc e } SOUS. i 
TH TERTS man A S [I Te AP eee n h 


1 PAJ EP 





- — 


What's next . . .We have established the main ideas behind the critical state model 
and used the model to estimate the response of soils to loading. The CSM can also 
be used with results from simple soil tests (e.g., Atterberg limits) to make estimates 
of the soil strengths. In the next section, we will employ the CSM to build some 








I 
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relationships among results from simple soil tests, critical state parameters, and soil 
strengths. 


6.10 RELATIONSHIPS BETWEEN SIMPLE 
SOIL TESTS, CRITICAL STATE PARAMETERS, 
AND SOIL STRENGTHS 


Wood and Wroth (1978) and Wood (1990) used the critical state model to cor- 
relate results from Atterberg limit tests with various engineering properties 
fine-grained soils. We are going to present s of these correlations. T. 

















to 0.1%. Most often water content 
number and consequently significant 


6.10.1 Undraine 
at the Liquid a 


f et al. (1965) and Dumbleton 
(6.61) 


ic limit and liquid | limit, respectively. Wood 
value of R = 100 as reasonable for most soils, 
i, culled from the published data, is 2 kPa (the 
etween 0.9 and 8 kPa) and that for (5,,)p, is 200 kPa. 
the plastic range these recommended values place 
r (200 kPa) limits on the undrained shear strength of 


ical Effective Stresses 
quid and Plastic Limits 


(1990) used results from Skempton (1970) and recommended that 
(a)i = 8 kPa (6.62) 


The test results showed that (c), varies from 6 to 58 kPa. Laboratory and field 
data also showed that the undrained shear strength is proportional to the vertical 
effective stress. Therefore 


| (epu 7 R(oz)., 7 800 kPa | (6.63) 
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6.10.3 Undrained Shear Strength-Vertical 
Effective Stress Relationship 


Normalizing the undrained shear strength with respect to the vertical effective 
stress we get a ratio of 













(6.64) 





Mesri (1975) reported, based on soil test results, that ch is in 


good agreement with Eq. (6.64) for normally consolid 


6.10.4 Compressibility Indices ( 
and Plasticity Index 


The compressibility index C, or À is u 
In the absence of consolidation tes 
plasticity index. With reference 








Now, er, — w11 Gf, egi 7^ WppG,, and G, — 2.7. Therefore, 


(6.65) 


(6.66) 





CY= 23d = 1.381, 


pat the compression index increases with plasticity 





quation (6.65) indicate 
index. 


Od. Ori In o; 


FIGURE 6.16 Illustrative graph of e versus In£,. 


+ 
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6.10.5 Undrained Shear Strength, 
Liquidity Index, and Sensitivity 


Let us build a relationship between liquidity index and undrained shear strength. 
The undrained shear strength of a soil at a water content w, with reference to its 
undrained shear strength at the plastic limit, is obtained from Eq. (6.22) as 


(Side = ( (Wp — 2 
| (Su)PL "E G, A 


Putting G, = 2.7, \ = 0.6/, in the above equation and recalling that 













ag W — Wp 
L, i 
we get 
(Su)w = (Suet exp MeL) Q00 Fp(—4.61,). P 
a 
Clays laid down in saltwatér environments and having.flc ed structure 
(Chapter 2) often have in sitü (na water contents higher eir liquid 


d in their natural state. Bheflocculated 
water leaches out the salt. The undistri- 
are significantly greater 

s. The term sensitivity, 
S, is used to i i i ar strength to the re- 


limit but do not behave like a viscous lic 
structure becomes unstable 





(6.68) 


where i den intact and olded. From Eq. (6.67) we can write 


(6.69) 










or values 
as fiquid (Z; > 1). Bjerrum (1954) reported test data 
ia, which yield an empirical relationship between S, 


I, = 1.2 logio $, (6.70) 


is chapter, a simple critical state model (CSM) was used to provide some 
ght into soil behavior. The mode! replicates the essential features of soil be- 
avior but the quantitative predictions of the model may not match real soil 
values. The key feature of the critical state model is that every soil fails on a 
unique surface in (q, p', e) space. According to the CSM, the failure stress state 
is insufficient to guarantee failure; the soil must also be loose enough (reaches 
the critical void ratio). Every sample of the same soil will fail on a stress state 
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that lies on the critical state line regardless of any differences in the initial stress 
state, stress history, and stress path among samples. 

The model makes use of an elliptical yield surface that expands to simulate 
hardening or contracts to simulate softening during loading. Expansion and con- 










unloading/reloading line corresponding to the precon 
stress associated with the current yield surface. 

The CSM is not intended to replicate all 
soils but to serve as a simple framework fr 
derstand the important features of soil beltavio 


n interpret and un- 


Practical Examples 
EXAMPLE 6.9 


An oil tank foundation is 
by a deep deposit of stiff 
results: \ = 0.32, k = 





ay, 6 m thick, underlain 
the following 
he tank has a 


recommend so that the soil does not fail 
m? The dead load per meter height of the 





tank will be subjected to axisymmetric loading conditions. If the tank is loaded 
quickly, then undrained conditions apply and the task is to predict the failure 
stresses and then use them to calculate the surface stresses that would cause 
failure. After consolidation, the undrained shear strength will increase and you 
would have to find the new failure stresses. 


Solution 6.9 
Step 1: Calculate initial values. 


e, = wG, = 0.55 X 2.7 = 1.49 
K® = 1 — sin $i, = 1 — sin 26° = 0.56 
K® = K%(OCR)"? = 0.56 X (1.2)'? = 0.61 
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G, — 1 24 — 

YA Ret. 

oi, = y'z = 6.69 X 3 = 20.1 kPa 

olo = Ko: = 0.61 X 20.1 = 12.3 kPa 

0; " OCR X oi, — 12 X 20.1 = 24.1 kPa 
1T 2K$ , 1+2X 061 

Po = 3 Tig = 83 

Go = (1 — K®)o!, = (1 — 0.61) X 20.1 = 7.8 kPa 


, 


ee 


















x 9.8 — 6.69 kN/m? 


X 20.1 = 14.9 kPa ~ 15 kPa 


The stresses on the initial yield surface are: 


* 2Kw *2x 0. 


(qe 7» (1—- KO Wee = Ue — 0.56) x 24.1 








Z2 ——— Z -M Z 





A54 imt es 


2 .26 — 0.06) 





om the tank and also t 













M) | 


1 3/2 
- (; + a) |- Saa; 


-4 Je A tH 1 —1 
"à (o t 2») -+ Gy” TUFT) 


4 230505 O O 
"à (a *2x05-nzdyg^*n4 pm) 


Lc 


— 0.21q8, 


0.78 x 56 — 43.7 kPa, Ao, = 0.21 X 56 = 11.8 kPa, 


437 *2Xx 118 
3 


Aq — 43.7 — 11.8 = 31.9 kPa 


= 22.4 kPa 


Aq 31.9 


as 


Slope of TSP = ESP during consolidation: 


Step 3: Calculate the initial yield stresses and excess pore water pressure at 
yield. 
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-- - - o-- 
—^— ooo oo oo 
-- moo o 





pic consolidation 
ensional consolidation 








2 
B + (pD. + 422 = 0 


"+ (10.6)7/(1.03)? = 0 and solving for p; we get 


tresses (point C, Fig. E6.9) are found from 
; that is, 


g, = Mpa |p; T 1 = 1.03 x 15 [Z2 1 = 114 kPa 


Py = Po = 15 kPa, 4q, = Q; — qo = 11.4 — 7.6 = 3.8 kPa 


The excess pore water pressure at yield is 
Au, = Ap, = —> = —~ = 2.7 kPa 


The vertical effective stress and vertical total stresses are 


(Act), = Ap’ + $Aqg = 0 + § X 3.8 = 2.5 kPa 
(Ao), = (Ao!), + Au, = 2.5 + 2.7 = 5.2 kPa 
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Step 8: Calculate the equivalent surface stress and load. 








Equivalent surface stress: Aq, = “078 oR 68.5 kPa 


Surface load applied during consolidation: 350 + Hy,A = 350 - 5 X x 50.27 
= 2813.2 k 
Possible additional surface load: 68.5 X A = 68.5 X 50.27 = 3443.6 kN 
Total surface load: 2813.2 + 3443.6 = 6256.8 kN 
ilure 










Step 9: Find the additional height to bring the soil 
consolidation. Let Ah be the additional heig 








erx Ah = 6256.8 
350 + 40Ah = 6256.8 





and Ah = 8.1 m. 
Step 10: Calculate the mean effee 






use 75 mm settlement. 








‘ee 
p 


E 
er. Therefore, 





i 6000 
1 + 1.20 


^. p' = 40.8 kPa 






75 







Ac. 13.4 _ 
rface stress: Ag, = 078 078 17.2 kPa 
17.2 
Additional height of tank: Ah = = 2.0 m 


Since the tank was preloaded with water and water is heavier than 
the oil, it is possible to get a further increase in height by (9.8/8.5 — 
1)5 = 0.76 m. To be conservative, because the analysis only gives an 
estimate, you should recommend an additional height of 2.0 m. i 


EXAMPLE 6.10 


You requested a laboratory to carry out soil tests on samples of soils extracted 
at different depths from a borehole. The laboratory results are shown in Table 
E6.10a. The tests at depth 5.2 m were repeated and the differences in results 
were about 1096. The average results are reported for this depth. Are any of the 
results suspect? If so, which are? 
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TABLE E6.10a 
















vw We. WiL Su 
Depth — (9) — (9)  (%) (kPa) A 


Z1 22 12 32 102 0.14 


3 24 15 31 10 0.12 
4.2 29 15 29 10 0.09 
5.2 24 17 35 35 0.1 
6.4 17 13 22 47 0.07 
8.1 23 12 27 85 0.1 






tions in Section 6.10 to predict À and s, 
laboratory test results. 







Solution 6.10 











sith. 4.2 m is low in 
. However, the water 


re about 2496 (the average of 


below 4.2 m), the predicted s, is 10.4 
laboratory tests. The water content 


suspicious. Even ? water content were taken as the average for 






TABLE E6.1C 





| :aboratory results Calculated results 
WPL Wit Su S, 
(9$) (95) (kPa) A I, I, X (kPa) 
12 32 102 0.14 20 0.50 0.12 20.1 
15 31 10 0.12 16 0.56 0.096 15.0 
15 29 10 0.09 14 1.00 0.084 2.0 
17 35 35 0.1 18 0.39 0.108 33.4 
: 13 22 47 0.07 9 0.44 0.054 25.9 
8.1 23 12 27 85 0.1 15 0.73 0.09 6.9 
Average 23.2 14.0 29.3 


STD” 3.5 1.8 4.1 


"STD is standard deviation. 
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the borehole, the s, values predicted («1 kPa) would be much lower 
than the laboratory results. You should repeat the tests for the sample 
taken at 6.4 m. The s, value at 8.1 m is suspect because all the other 
values seem reasonable at these depths. " 





EXERCISES 










Assume G, = 2.7, where necessary. 


Theory 
6.1 Prove that 


6.2 Prove that 


“6 — 2M. 
6 + M, 



















6.3 Show that the effective stress path in one-dim 


€ void ratio on the critical state line when 
the normal consolidation line corresponding to p' — 


mpton's pore water pressure coefficient at failure, A ;, with over- 
the CSM for two clays: one with o, — 21? and the other with 


6.8 A fil of height 5m with Ysa = 18 kN/m? is constructed to preconsolidate a site consisting 
of a soft normally consolidated soil. Test at a depth of 2 m in the soil gave the following 
results: w = 45%, i, = 23.5°. \ = 0.25, and «x = 0.05. Groundwater is at the ground 
surface. 


(a) Show that the current stress state of the soil prior to loading lies on the yield surface 
given by 


is INA os High hs m 
F= (py -ppi M 0 


(b) The fill is rapidly placed in lifts of 1 m. The excess pore water pressure is allowed to 
dissipate before the next lift is placed. Show how the soil will behave in (g, p') space 
and in (e, p’) space. 








EXERCISES 317 


Problem Solving 


6.9 The following data were obtained from a consolidation test on a clay soil. Determine A 
and K: 














25 
1.65 


400 
1.57 






800 1600 
1.51 1.44 









50 
1.64 


200 
1.62 








The water content of a sample of saturated soil at a im 
85%. The sample was then isotropically consolidated using 
kPa. At thie end of the consolidation the water c 







*ctive stress of 150 
e sample was then 

and the water content in- 
he unloading/reloading line 
te line in (q, p'), (e, p'), and 











(e, In p^) spaces if 2, = 25°. 







6.11 Determine the failure stresses undé 
described in Exercise 6.10. 


ore water pressure (sample B) responses 
= 0.15, « = 0.04, i, = 26.7°, e, — 1.08, 





extension test is to be carried out by keeping the axial stress constant and increasing the 
radial stress. Predict and plot the stress-strain (g versus £;) and the excess pore water 
pressure (Aa versus £j) responses up to failure. The soil parameters are À — 0.23, k = 
0.07, 4 — 24?, v' = 0.3, and e, = 1.32. 


Practical 


6.17 A tank of diameter 5 m is to be located on a deep deposit of normally consolidated 
homogeneous clay, 25 m thick. The vertical stress imposed by the tank at the surface is 
75 kPa. Calculate the excess pore water pressure at depths of 2, 5, 10, and 20 m if the 
vertical stress were to be applied instantaneously. The soil parameters are A = 0.26, k = 
0.06, and ó;, — 24*. The average water content is 42% and groundwater level is at 1 m 
below the ground surface. 
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BEARING CAPACITY OF 
SOILS AND SETTLEMENT O 
SHALLOW FOUNDATIO 















7.0 INTRODUCTION 





In this chapter, we will consider be 


the following t two stabilit 


1. The foundati 
able loading. 


2. Settlement 


ust 








the structure must be with 







ts must be satisfiec 





Le of shallow. T8IRdution: to: sida bearing capacity and 
! Seieren criteria 


You will use the following concepts learned from previous chapters and 
from your courses in mechanics. 


* Statics 
* Stresses and strains—Chapter 3 
* Shear strength— Chapter 5 


Sample Practical Situation The loads from a building are to be transferred 
to the soil by shallow foundations. You are required to recommend the sizes of 
shallow foundations so that there is a margin of safety against soil failure and 
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FIGURE 7.1 Construction of a shallow foundation for a foundation. (Photo 
courtesy of John Cernica.) 


settlements of the building afewithin tolerable limits, The construction of a shal- 
low foundation fora tank is shown in Fig. 7.1 


7.1 DEFINITIONS.OF KEY TERMS 





Foundatiom.is.a structure that transmits loads to the underlying soils. 


Footing \s a foundation consisting ofa small slab for transmitting the structural 
load to theunderlying s@il. “Footings can be individual slabs supporting single 
columns (Fig. 7.2a) or@ombined to support two or more columns (Fig. 7.2b), or 
be.a long strip of concrete slab (Fig. 7.2c, width B to length L ratio is small, i.e., 
it approaches zero) supporting 4 load bearing wall, or a mat (Fig. 7.2d). 





Shallow foundation is one in which the ratio of the embedment depth to the 
minimum plan dimension: which is usually the width, is D,/B « 2.5. 


; Embedment depth (D,) is the depth below the ground surface where the base of 
^W the foundation rests. 


Ultimate bearing capacity is the maximum pressure that the soil can support. 


Ultimate net bearing capacity (qux) is the maximum pressure that the soil can 
support above its current overburden pressure. 


Allowable bearing capacity or safe bearing capacity (qa) is the working pressure 
that would ensure a margin of safety against collapse of the structure from shear 
failure. The allowable bearing capacity is usually a fraction of the ultimate net 
bearing capacity. 


Factor of safety or safety factor (FS) is the ratio of the ultimate net bearing 
capacity to the allowable bearing capacity or to the applied maximum vertical 
stress. In geotechnical engineering, a factor of safety between 1.5 and 5 is used 
to calculate the allowable bearing capacity. 
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Load bearing wall 









—B— 8, 


(a) Individual (b) Combined c) Str 


O 


iting shear stress that should not be exceeded 
oading during the design life of a foundation 







FIGURE 7. hallow footing 








imate limirstate define 





m. 









limiting deformation or settlement of a foun- 
ill impair the function of the structure that it 





ation, which, if exceeded, 


supports. 





.2 QUESTIONS TO GUIDE YOUR READING 





1. What are the ultimate net bearing capacity and the allowable bearing ca- 
pacity of shallow footings? 


2. What are the differences between the various methods for calculating a 
soil’s ultimate net bearing capacity? 

. How do | determine the allowable bearing capacity for shallow footings? 

. What are the assumptions made in bearing capacity analyses? 

. What soil parameters are needed to calculate its bearing capacity? 

. What effects do groundwater and eccentric loads have on bearing capacity? 


. How do I determine the size of a footing to satisfy ultimate and service- 
ability limit states? 


an on a D 
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7.3 BASIC CONCEPTS 
7.3.1 Collapse and Failure Loads 


In developing the basic concepts we will use a generic friction angle, ’, and later 





peak shear stress, while for nondilating soils failure co 
state shear stress. To distinguish these two states, we wil 
in dilating soils as the collapse load and reserve 
dilating soils. Thus collapse load is the load at peak s 
is the load at critical state. Collapse means 
capacity of a soll. 

Let us consider two separate soil lz 
sand; the other is a deep deposit of t 












eep deposit of a dense 
t in a loose state. We will 
width B and place one each 








on the surfaces of the two soil lz 
the same magnitude of vertic 





Qu, Load 
' Collapse 
t 
b 
= 
AP 
3 Failure 

Qui Load 
t 
q 
E 
A 
T 
wn 

Failure 
(b) Local shear failure 
Qu Load 


V 


Settlement 





(c) Punching 
FIGURE 7.3 Failure mechanisms. 
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Let us represent the concrete block on the dense sand layer as DS and that 
on the loose sand as LS. As we load the blocks, which block will settle more? 
Intuitively, and from your experience playing with sand, you may have guessed 
correctly that the loose sand would. 

Here is a list of expected responses as we load the blocks 
























1. Block LS will settle more than block DS for a given load before soil failure. 


2. Block DS would collapse while block LS woul d in the 
graphs of settlement versus vertical load on the f Fig. 7.3. 


3. Based on the Mohr—Coulomb failure criterion ( r 5), the soil will fail 
along slip planes at 6, = 45° + $'/2 tot ne and @, = 45° — 
$'/2 to the vertical plane. 


The pressure from the load on ea 
or failure is the soil’s ultimate beani 
foundation so that the applied 
ulations, if your answer is no. Be 
soil test values and structural and € 
control during constructi 
bearing capacity by. a fact 
bearing capacity. 


ctice, design a 
au? Congrat- 


7.3.2 Failu rfa 






edge Of material is trapped below a 
loads. Terzaghi (1943) applied 


v its way downward into the soil. 
wedge of soil under a shallow foundation a 
? You will recall from Chapter 5 that, according 


length of the footing) through the center of the footing. One zone, ABD (Fig. 
7.3), is a fan with radial slip planes stopping on a logarithm spiral slip plane. The 
other zone, ADE, consists of slip planes oriented at angles of 45° + ’/2 and 45° 
— '/2 to the horizontal and vertical planes, respectively, as we found in Chapter 
5. Zone ADE is called the Rankine passive zone. In Chapter 10, we will discuss 
Rankine passive zone and also Rankine active zone in connection with retaining 
walls. Surfaces AB and AD are frictional sliding surfaces and their actions are 
similar to rough walls being pushed into the soil. The pressure exerted is called 
passive lateral earth pressure. If we can find the value of this pressure, we can 
determine the ultimate bearing capacity from considering the equilibrium of 
wedge ABC. 

For the dense sand, the slip planes are expected to reach the ground surface. 
But, for the loose sand, the slip planes, if they are developed, are expected to lie 
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within the soil layer below the base of the footing and extend laterally. The 
collapse in the dense sand is termed general shear failure, as the shear planes 
are fully developed. The failure in the loose sand is termed local shear failure, 
as the shear planes are not fully developed. Another type of failure is possible. 
For very loose soil, the failure surfaces may be confined to the aces of the 
rigid wedge. This type of failure is termed punching shear. 







—— Theesentiapointsare — $5 
se soil il suddenly ale ng well defi ned slip,pl 


ar failure E 


3 h $7 5 EY 
o. ve wr DNUS e soils c can 
n ane aa ri a ine 
settlement is | €) spected in le 








What's next...The bearing capacity equations that we 
were derived by making alterations t6 the failur 


consider these bearing acity equations, we 
footing resting on a i 
equilibrium iced 


cla 
OAD FF OM LIMIT EQUILIBRIUM 


d by Prandtl. Before we 
m the collapse load for a strip 
technique called the limit 





àt are in general use in engineering practice 
ethod called the limit equilibrium method. We 
method by finding the collapse load (P,,) for a strip 
in the limit equilibrium method are (1) selection of 





in statics to ine the collapse or failure load. 
Let us consider a strip footing of width B, resting on the surface of a ho- 
mogeneous, saturated clay whose undrained strength is s,, (Fig. 7.4). For simplic- 





FIGURE 7.4 Circular failure mechanism. 
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ity, we will neglect the weight of the soil. Step 1 of the limit equilibrium method 
requires that we either know or speculate on the failure mechanism. Since we do 
not know what the failure mechanism is because we have not done any testing, 
we will speculate that the footing will fail by rotating about the inner edge A 
(Fig. 7.4), so that the failure surface is a semicircle with radius B 

Step 21s to determine the forces o on the failure itae Along the circum- 















(ch). We do not know — these stresses are unifor er the 
circumference, but we will assume that this is so; othe perform 
experiments or guess plausible distributions. Since fa d, the maxi- 
mum shear strength of the soil is mobilized and therefore ar stresses are 


about A is zero since 
ium equation is then 





(7.1) 

and the collapse load is 
(7.2) 
We are unsure $c rrect one since 
we guessed a fail ism | bove by choosing 
a different failur nism se that the point of 
rotation is not A | : e rh ting such that the radius of the 
— 28)R]R ^ 0 (7.3) 
_ sat — 20)R a) 


6 — B/2) (cos 0 — B/2R) 


s on two variables, R and 6, and as such there is a 
ns. We must then find the least load that will produce 
| searching for extrema (minima and maxima in curves) 
by is par ivatives of Eq. (7.4) with respect to R and 0. Thus, 


9P,  4s,R(w — 28)(R cos 0 — B) 


aR (2R cos 0 — By p 03) 





FIGURE 7.5 Circular arc failure mechanism. 
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and 


OP, E 4s,R7(B — 2R cos 0 + «R sin 0 — 2RO0 sin 0) T 
00 (2R cos 0 — By 


The solutions of Eqs. (7.5) and (7.6) are 0 = 23.2° and R = B that is, point 
O is directly above A. Substituting these values in Eq. (7.4); we obtain the col- 
lapse load as 


0 (7.6) 







P, — 5.5S2Bs, (7.7) 


n Eq. (7.2) but 
yield yet a smaller 









This is a better solution because the collapse load i 
we need to investigate other possible mechani 











What's next . . .We have just learned the r 
It is an iterative method in which yov 
then use statics to find t 









learned. You can refer 
to pursue the derivations. 







7.5 BEARING CAPACITY EQUA 


here is a plethora of dior capacity equations available. We will discuss only 
such equationS;-all ot which were obtained by limit equilibrium analyses 
ism proposed by Prandtl or modifications to it. These 





used for the term bearing capacity. The bearing capacity equations to be 
presented were modified by the author from their original form to separate long- 
term and short-term bearing capacity. 


7.5.1 Terzaghi's Bearing Capacity Equations 


Terzaghi (1943) derived bearing capacity equations for a footing at a depth D, 
below the ground level of a homogeneous soil. For most shallow footings, the 
depth, D;, called the embedment depth, accounts for frost action, freezing, thaw- 
ing, and so on. Building codes provide guidance as to the minimum depth of 
embedment for footings. Mat foundations can be embedded at a depth D, such 
that the pressure of the soil removed is equal to all or part of the applied stress. 
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For such a case, the mat foundation is called a compensated mat or a raft foun- 
dation. Terzaghi assumed the following: 


1. The embedment depth is not greater than the width of the 
B). 

2. General shear failure occurs. 

3. The angle 0 in the wedge (Fig. 7.6) is ’. 

4. The shear strength of the soil above the footing 

5. The soil above the footing base can be replac 
(= yD). 

6. The base of the footing is rough. 

















igible. 
rcharge stress 


e IS 





Later, it was found (Vesic, 19 
librium analyses, using 6 = 45° 
shapes of footings, the ultimat 
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timate net bearing capaci N are bearing capacity 


nctions of the friction angle, o’; s, is the undrained shear 
ind.$. are shape the foundation. The bearing 


where qun is the anc 
factors that are 


strength, and s,, 



























capacity re calculated from g equations: 
(7.11) 
(7.12) 
B ; 
$, =1 +> tan’, s =1-— 04- (7.13) 







L L 





amfoOtings, the width B in Eq. (7.10) is replaced by the diameter 
D. For square and circular footings, B/L = 1; for strip footings, B/L = 0. We will 
call Eqs. (7.9) and (7.10) the Terzaghi bearing capacity equations. These equa- 
tions are not the original equations proposed by Terzaghi; others have modified 


Ground surface 








Terzaghi neglected 
shear along this 
surface but Meyerhof 
considered it. 


FIGURE 7.6 Failure surface assumed by Terzaghi. 
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it, especially Vesic (1973). The factors s, and s, were proposed by deBeer (1967, 
1970). 


7.5.2 Skempton's Bearing Capacity Equation 
Skempton (1951) proposed a bearing capacity equation, baséd on a TSA, for 










D, B 
Qu. = 55,| 1 + 0.2 B 1+ 02 L x (7.14) 


7.5.3 Meyerhof's Bearing Ca 


Meyerhof (1951, 1953, 1963) follówec 
cluded the shearing resistance 
that the failure surface (Fig. 7.6 
1970) proposed a general.equation thz 
pacity of footings of any shape and size, 
surface. We will présent or eyerhof's (196 










Vertical lo 











(7.15) 
(7.16) 
(7.17) 
(7.18) 
N, = (N, — 1) tan(1.46’) (7.19) 

The shape (s), depth (d), and load inclination (/) factors are 
(7.20) 

D D 

d.i d d, = d, = 1 + 0.1VK, z (7.21) 





where 


K, = (4s + z) QE PIENE (7.22) 


1 — sin ọọ’ 
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For loads inclined at an angle 0 to the vertical in the direction of the footing 
width, the inclination factors are 


(7.23) 







of the 
rhof a 


oting 
Kou- 


For loads inclined at an angle 0 to the vertical in the directi 
length for a surface footing (D; — 0), the inclination factors: 











some general guidelines are sugg 
tions and the appropriate friction a 


7.6 CHOICE OF BEARING CAPACI 
EQUATIONS AND F JON ANGLES 
s among the va g capacity equations are the val- 


The major m hus beari 
ctors (s pth and load inclination factors). 


ues of N, and the geometric 

values of $" < 35°, th iff ences between N., among the bearing capacity 
c t. However, (^ Ó' > 35°, the differences 
have 6’ < 35° so that for many practica! 
differences between the predictions of the 
hoice is the value of $'. Should it be 6; or 6? 
ations have been derived based on the existence 


















for a single story house, on normally consolidated clays or medium sands). It is 
expected that for these compacted soils slip planes would develop and the ap- 
propriate value of ¢’ to calculate the collapse load should be 3. However, the 
attainment of b, depends on the ability of the soil to dilate, which can be sup- 
pressed by large normal effective stresses. Since neither the loads nor the stresses 
induced by the loads on the soil mass are certain, the use of $; is then uncertain. 

Slip planes, if they develop, do not occur suddenly. They are likely to de- 
velop progressively at different levels of stresses. If you reexamine the slip plane 
for our shallow footing on dense sand (Fig. 7.3), you would realize that the normal 
effective stress at C is much larger than at E. Indeed, at E, the normal effective 
stress is zero. The implication is that while the peak shear stress is being mobilized 
near E, it has already been surpassed at C; that is, the critical state shear stress 
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Is attained at C. One is then tempted to use $i, which is the only fundamental 
soil parameter. If ¢, is used rather than $; (assuming it is mobilized) for a footing 
on a compacted soil, you will get a lower ultimate bearing capacity and conse- 
quently a more costly foundation. 

The predictions from the bearing capacity equations has no 
by experiments. For example, Zadroga (1994) compared N., 
bearing capacity equations including those of Meyerhof, Te 
with results from model footings on coarse-grained soils sh 
the equations are much lower than the experimentalyres 
pacity equations under-predict the ultimate bearing 
The bearing capacity equations were derived based o 
and they should not be expected to match re 
cautious in accepting model test results be 
in the tests is unknown and it may be 
is normally determined from direct s 
ultimate bearing capacity. 

For fine-grained soils, the 


































(Chapter 1) to establish 
term loading on a fine-g 


term loading, 
the soil in the 


e friction angle. The least uncertain 
e in the bearing capacity equations 
>. For preliminary calculations and for 
erzaghi equations are adequate; otherwise you 


sed on the calculated ultimate net bearing capacity 
nger of failing. And, of course, we do not want that to 
in a design bearing capacity value called the allowable 
earing capacity, g,. The allowable bearing capacity allows a margin of safety against 
collapse or failure. We will examine how to calculate the allowable bearing capacity 
next. 


7.7 ALLOWABLE BEARING CAPACITY AND 
FACTOR OF SAFETY 





7.7.1 Calculation of Allowable Bearing Capacity 


The allowable bearing capacity is calculated by dividing the ultimate bearing 
factor capacity by a factor, called the factor of safety, FS. The factor of safety or 
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TABLE 7.1 Allowable Bearing Capacity (UBC, 1991) 





Soil type da (kPa) 


Sandy gravel/gravel (GW and GP) 96 
Sand, silty sand, clayey sand, silty gravel (SW, SP, SM, SC, GM, GC) 
Clay, sandy clay, silty clay, and clayey silt (CL, ML, MH, and CH) 


















safety factor is intended to compensate for assumptions 
bearing capacity equations, soil variability, inaccurate s 
of loads. The allowable bearing capacity is 


developing the 
uncertainties 


(7.25) 
Alternatively, if the maximum appliedifou 
and the dimension of the footing 
safety by replacing q, by (Camal N 







Tmax 1S known 
d a factor of 


(7.26) 





The maximum applied foundati ress must ine 
footing, backfill ad and live loads. The 
to yD; because erburden pres i 





de the weight of the 
factor Of Safety 1s not applied 
sure of the soil removed 
b. in the bearing capacity equa- 
reàter uncertainty in 6; (if you 
ge of factor of safety, FS — 3 to 5, 
es are used for homogeneous soil 






7.8 EFFECTS OF GROUNDWATER 











For all the bearing capacity equations, you will have to make some adjustment 
for the groundwater condition. The term yD; in the bearing capacity equations 
refers to the vertical stress of the soil above the base of the foundation. The last 
term yB refers to the vertical stress of a soil mass of thickness B, below the base 
of the footing. You need to check which one of three groundwater situations is 
applicable to your project. 


Situation 1: Groundwater level at a depth B below the base of the footing. If 
the groundwater level is at a depth B below the base of the foundation, no 
modification of the bearing capacity equations is required. 
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(a) Groundwater within a depth B below base (b) Groundwater within 
FIGURE 7.7 Groundwater effects. 











Situation 2: Groundwater level within a dep 
If the groundwater level is at a d 
(Fig. 7.7a), then the term yB is 


base of the footing. 
base, such that z < B 
fy. t oy (B — z). The 








unchanged. 


Situation 3: Groundwater € 
water is at a depth z within t 
yD; is yz + y' (D; 
if the soil is saturate 















EXAMPLE 7. 


A footing 2 m 
a deep deposit 
The gro 
that thes 


capacity. 
















ated at a depth o 
cted sand (@, 
r level is 5 m below the gro 


are is | w the ground surface in 
Y. = 30° and Ysa = 18 kN/m?). 
d surface but you should assume 


ed. Determine the allowable bearing 










effects of groundwater. You need to choose a 
i’s method and use both 6; and ó;, for comparison. 


Step 1: Calculate the bearing capacity factors and geometric factors for 
Terzaghi's method. 
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Use a table for ease of calculation and checking. 











Parameter 





Ng = ennt tov (4s + 3 





Na— 1 
N, = 2(N, + 1) tand’ 






$3 = 1 += tan 6 






| B 
s,= 1-047 







MS 











Step 2: Calculate the ultimate net bearing capacity. 


$2.3 X L7 —- l5 X 18 X 2X x 0.6 


0.5 X 18 x 2 x 224 X 0.6 


+ 18 x 1 = 509 kPa 


ble bearing capacity of the soil is about 
= 3 and using $2, with FS = 1.5. H 





(c) at the base of the footing, and (d) at 1 m below the base. ‘Use Mevethof's S 
method. 


Strategy The trick here is to use the appropriate value of the unit weight in 
the bearing capacity equation. 


Solution 7.2 

Step 1: Calculate bearing capacity numbers and, shape and depth factors. 
N, — e" 9^ *' tan*(45* -- I2) — e" '*^3* tan?(45* + 35°/2) = 33.3 
N,—i-333—1-— 323 
N, — (N, — 1) tan(1.4’) = 32.3 tan(1.4 X 35°) = 37.2 
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K, — tan'(45? - 4/2) = tan'(45? 4- 35°/2) = 3.7 


2 
So. = $,7] + 01K, > = 1 + 0.1 K AgS 1.37 





D 
d,-d,-1 + O1VK, = =1 + 0.1V3. >= 1.09 









Step 2: Substitute values from Step 1 into Meyerhof’s equ 


width of the footing. Therefore, groundwa ct and 
Y = Nat 





case, the 
hould use 


d surface. In t 


2 X87.2 x 137 x 1.09 








ht is the same for both 


level will tt in the bearing capacity, where you 
should 
Yy' ^ua — Y. 7 18 — 9.8 = 8.2 kN/m? 


47 1); d, * OSY'BN.s. d. 
= xX 1 X 32.3 < 1.37 X 1.09 + 0.5 X 8.2 X 2 X 37.2 X 1.37 X 1.09 
1323.7 kPa 










D 


(d) Groundwater level at 1 m below the base. In this case, the 
groundwater level is within a depth B below the base and will affect 
the last term in the bearing capacity, where you should use 


y'B = Yiz + y'(B - 2) = 18 X 1 + 8.2 x (2- 1) = 26.2 kN/m? 
Thus, 


dur = YDy(N, — 1)s, d, - 0.S(y' B)N,s, d., 
= 18 X 1 X 32.3 X 1.37 x 1.09 -- 0.5 x (262) x 372 X 1.37 X 1.09 
= 1596.9 kPa 
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Step 3: Compare results. 
We will compare the results by dividing (normalizing) each ultimate 
net bearing capacity by the ultimate net bearing capacity of case (a). 















Quit 








Groundwater level at (Quit) a * 109 
(b) Ground surface 851 s 
1868 x 100 = 46% 
(c) Base 1323.7 
x -71 
1868 100 = 71% 






(d) 1m below base 1596.9 





EXAMPLE 7.3 
A footing 1.8 m x 2.5 m 






à method. Skempton's equation 
aring capacity of clays. Since the 


D; 120 
+ + = 5x — 
aZ)(1 0.2 B) 4D, — 5 E 


1.8 
- 
x («o2 Jf + 023$) 20 X 1.5 = 297 kPa 





EXAMPLE 7.4 


Determine the size of a rectangular footing to support a load of 1800 KN. The 
soil properties are >) = 38°, i, = 32°, and Ysa = 18 kN/m*. The footing is to be 
located at 1 m below the ground surface. Groundwater level is 6 m below the 
ground surface. 


Strategy You have to select a method. A good choice is Meyerhof’s method. 
Neither the footing width nor the length is given. Both of these are required to 
find g,. You can fix a length to width ratio and then assume a width (B). Solve 
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for qa and if it is not satisfactory [qa = (Ca)max] then reiterate using a different B 
value. We will use ġ' — d. and a factor of safety of 1.5. 


Solution 7.4 
Step 1: Calculate bearing capacity numbers and shape an 
Assume, L/B — 1.5; that is, B/L = 0.67, and B = 
Using $' 7» ġa - 32 
N, = e™'*"32 tan*(45° + 32°/2) 
N,- 1 = 232-1 =222 
N, = (N, — 1) tan(1.4¢! 









Step 2: Substitute the apeve 


e and the selected footing size would 
ever, we will try another footing size to 


o try a smaller B. Try B = 1.4 m. The changes in the depth 
this case are small and can be neglected or you can 


d, =d,=1 + OIVK, i =1+01V325 = - 113 
The new allowable bearing capacity is 
je TERN, mapie T UBN de iip: 
FS D 
.18x1X222X122X1134 05 X18 X 14 X 22 X 122 X 1.13 
15 
+ 18 x 1 = 640 kPa 
Applied load 1800 
Area 1.4 X (1.5 x 1.4) 

The footing size is then 1.4 m X 2.1 m. m 


= 612 kPa < ga 


(95) max = 
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EXAMPLE 7.5 


Using the footing geometry of Example 7.1, determine q, with the load inclined 
at 20° to the vertical along the footing width, and o’ = ${,. Assume the ground- 
water level is at ground surface and FS = 1.5. 










Strategy You need to use Meyerhof’s equation for inclined loads. The bear- 
ing capacity numbers and shape factors remained unch need to cal- 
culate the depth factors and inclination factors. 


Solution 7.5 


Step 1: Calculate the inclination facto 






ads applied at the center of the footing. 
ads are not always at the center of the 





Theoretical solutions for eccentric (off-centered) loads are very complicated. 
Meyerhof (1963) proposed an approximate method to account for loads that are 
located off-centered. He proposed that, for a rectangular footing of width B and 
length L, the base area should be modified with the following dimensions: 


B' = B — 2ep and L'-L -2e, (7.27) 


where B’ and L’ are the modified width and length, and es and e, are the ec- 
centricities in the directions of the width and length, respectively (Fig. 7.8). 
From your course in mechanics, you should recall that 


M, 


M, 
P and €, P (7.28) 


Ee, = 
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where P is the vertical load and M, and ents about the Y and X 
axes, respectively, as shown in Fig. 7. ue to a vertical load at an 


(7.29) 






where J is the second ne are i i neutral axis 
to the outer edge, A is t -sectional area, is the section modulus. For 
a rectangular secti 








, 





T BL 
y BR 


















depen whe ent about the Y axis or the X 


axis. 


r you are cons 


The Maximum and minimum stresses along the X axis are 


J£ De. PT. QU 
gom z £e) (7.30) 


P Pe P 6e; 
z E (7.31) 





B/6 or e, — L/6, then o4, < 0, and tension develops. Since the tensile strength 
of soil is approximately zero, part of the footing will not transmit loads to the 
soil. You should try to avoid this situation by designing the footing such that eg 
< B/6 or e, < L/6. The bearing capacity equations are modified for off-centered 
loads by replacing B with B’. The ultimate load is 


Pur = Gub L (7.32) 


EXAMPLE 7.6 


Redo Example 7.2 using Meyerhof’s method. The footing is subjected to a ver- 
tical load of 500 KN and a moment about the Y axis of 125 kN - m. The ground- 
water level is 5 m below the ground surface. Calculate the factor of safety. 
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Strategy Since we are only given the moment about the Y axis, we only need 
to find the eccentricity, eg. The bearing capacity factors are the same as those in 
Example 7.2. 













Solution 7.6 


Step 1: Draw a sketch of the problem and calculate e. 
See Fig. E7.6 for a sketch. 






Step 4: Calculate reduce ing size. 
Step 5: Calcula e shape and dept 
= $y = 
da ` 
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Step 7: Calculate the factor of safety. 


a 1567 T 


P^ (Ge 3D, 219-18X1 n 


7.10 BEARING CAPACITY OF LAYERED SOILS 









No simple, satisfactory, theoretical method is curre 
the bearing capacity of layered souls. A geotechnica 
practical guidelines or use numerical tools such as the 
basic problem lies in determining and defining thé, sc 






an apply a set of 

nt method. The 
oroperties for layered 
? common cases—a soft 








Soft clay over stiff clay: In gene 
be avoided except lightly loade 
buildings. You should i 
with compacted fills. Ani 
culate the bearing capaci 
making a decisiomto replace 

Stiff clay over soft cl Ay: 

of (1) tre the stiff cle 






















is the smaller value 
s not exist and (2) 
clay and is supported 

| of the shear required to 
clay and the bearing capacity of 





an imaginary footing on the soft clay layer with 
L+ t). where B and L are the real width and 


this type of deposit, deep foundations should be used. 
ns are uneconomical, then the bearing capacity can be 
using the shear strength parameters for the weakest layer. 
y, harmonic mean values for s, and ' can be calculated (see 
Chapter 4) and then these values can be used to calculate the bearing 
capacity. 


EXAMPLE 7.7 


The soil profile at a site is shown in Fig. E7.7. A square footing 2.5 m wide is 
located at 1.5 m below ground level in the stiff clay. Determine the safety factor 
for short-term loading for an applied load of 1000 kN. 


Strategy Skempton’s equation is an appropriate choice for clays, especially 
stiff clays. Check the factor of safety of the stiff clay assuming that the soft clay 
layer does not exist. We can then use an artificial footing on top of the soft clay 
and calculate the factor of safety. 


340 CHAPTER 7 BEARING CAPACITY OF SOILS AND SETTLEMENT OF SHALLOW FOUNDATIONS 





P z 1000 kN 












Stiff clay 
m y, 7 120 kPa, ,, « 20 kN/m? 


Soft clay 
5,7 20 kPa, x4, 2 18 kN/m? 








Dense sand 


FIGURE E7.7 


Solution 7.7 
Step I: Calculate the factor 





t$5-e75m; L^t4,92545275m 


2 2) —5x20 Xx ( + 0.2 zy + 0.2 4 





What's next...The size of many shallow foundations is governed by settlement 
rather than bearing capacity considerations. Thatis, serviceability limit state governs 
the design rather than ultimate limit state. Next, we will consider how to determine 
settlement for shallow foundations. 


7.11 SETTLEMENT 





It is practically impossible to prevent settlement of shallow foundations. At least, 
elastic settlement will occur. Your task as a geotechnical engineer is to prevent 
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TABLE 7.2 Serviceability Limit States 














Serviceability limit state — . Examples 

Architectural damage Tilting of structures (chimneys, retaining walls) and cracking in walls 

(damage to appearance) 

Loss of serviceability Cracked floors, misalignment of machinery, dislocation of pipe joints, 
jammed doors and windows 

Structural damage Severe differential settlement of footings. causing buckling of 

(collapse) columns and overstressing beams 






the foundation system from reaching a servi ibi n limit 
some serviceability limit states is given in» 7.2 
Foundation settlement can be c vid d in three basic types: rigid block 
or uniform settlement (Fig. 7.9a), ti tion (Fig. 7.9b) and non-uniform 
settlement (Fig. 7.9c). Most damage 


state. A description of 













of most cracking in stm 
maximum differential s 







ns that would cause dam- 
alculating settlements have been 


€ occurrence or nonoccurrence of damage 
nd recommended the limits shown in Table 7.3. 


hi m e TABLE 7.3 Distortion 


ii" bared a a 








Limits 
Distortion p 
Type of damage ne 
Architectural -- 
300 
(a) Uniform settlement — (5) Tilt or distortion (c) Nonuniform settlement sera m 


FIGURE 7.9 Types of settlement. 


at's next...In the next section, we are going to discuss methods to calculate 
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TABLE 7.4 R Values and Maximum Allowable 















Settlement’ 
Foundation type 
Soil type Values Isolated footing Rafts or mats 
Clay R 22,500 30,000 
Pmax (MM) 75 100 
Sand R 15,000 18,000 
Pmax (MM) 50 60 


















"The original R and p,,,, values were for use in English units. The 
author converted these values for SI and adjusted them for ease of use 
in practice. 


rrelate distortion to the 
56) proposed that the max- 


would be very complex. One practical 
maximum settlement. Skempton and 
imum tolerable settlement could 





(7.33) 


where R is a correlation 
They also suggested li 


ndation and soil types. 


tures, a thorough site 1 igati nducted to uncover soil inho- 
i | ial settlement. 


settlement of foundations. 


7.12 SETTLEMENT CALCULATIONS 





The settlement of shallow foundations is divided into three segments—immedi- 
ate or elastic settlement, primary consolidation settlement, and secondary con- 
solidation settlement (creep). We have already considered elastic settlement 
(Chapter 3) and consolidation settlement (Chapter 4). However, we have to 
make some modifications to the methods described in those chapters for calcu- 
lating settlement of shallow foundations. These modifications are made to the 
method of calculating elastic and primary consolidation settlements. 
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7.12.1 Immediate Settlement 


We can use the theory of elasticity to determine the immediate or elastic settle- 
ment of shallow foundations. In the case of a uniform rectangular flexible load, 
we can use Eq. (3.84). However, the elastic equations do not account for the 
shape of the footing (not just L/B ratio) and the depth of 4 ment, which 
significantly influence settlement. An embedded foundation has the following 
effects in comparison with a surface footing: 





1. Soil stiffness generally increases with depth; 
transmitted to a stiffer soil than the surface 
settlements. 

2. Normal stresses from the soil abové 






ce the settlement by provid- 
nalfspace. This is called the 


itted through the side 
bilized at the soil- 
ide resistance 


(7.34) 


section 1-1 


FIGURE 7.10 Geometry to calculate elastic settlement of shallow footings. (On 
behalf of the Institution of Civil Engineers.) 
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where P is total vertical load, E, is the undrained elastic modulus of the soil, L 
is one-half the length of a circumscribed rectangle, v, is Poisson's ratio for the 
undrained condition, and Hs, pemb, and i4, are shape, embedment (trench), and 
side wall factors given as 


(7.35) 


(7.36) 


(7.31) 











actual area of 
the wall in contact with the embeddec wof the footing. The length and 
ively. The dimen- 
eometry 







sionless shape parameter, A,/4L 
shown in Table 7.5. 


The equations propc pply tó a foundation of 
arbitrary shape on Hi ear. definition of what 
signifies “deep.” azetas et al. (1985) 
can be used wh i i hat 90% of the applied 
Stresses are dist thin it. à r6 ar area of actual width B,, the 
thicknes 


(7.38) 


(7.39) 


a secant E, from undrained triaxial tests or unconfined compression tests at a 


TABLE 7.5 Values of 
A,/4L? for Common 
Footing Shapes 





Aw 
Footing shape 4L? 
Square 1 
Rectangle B/L 
Circle 0.785 


Strip 0 
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deviatoric stress equal to one-half the maximum shear strength. However, for 
immediate settlement it is better to determine E, over the range of deviatoric 
stress pertaining to the problem. In addition, the elastic modulus is strongly de- 
pendent on depth while Eqs. (7.34) and (7.38) are cast in terms of a single value 
of E,,. One possible solution is to divide the soil into sublayers use a weighted 
harmonic mean value of E, (Chapter 4). 















The full wall resistance will only be mobilized if suffici nt occurs. 
It is difficult to ascertain the quality of the soil-wall a i onsequently, you 
should be cautious in relying on the reduction of sett n ng from the 
wall factor. If wall friction and embedment are ectedpthen pyai = 1 and 
Memb = 1. 


Equations (7.34) and (7.38) strictly a ined soils under short- 
term loading. For long-term loading in 
soils, you should use E' and v' inste 







EXAMPLE 7.8 


Determine the immediate se 
ded in a deep deposit of ho 


footi m X 6 m embed- 
lay as shown in Fig. ; 

Strategy You hav 
(7.38). The side wall ef 
really is no w 


ctly apply Eq. (7.34) or Eq. 
at istwa = 1, since there 


Solution 









Step rmine geometric p 
Ap =4 X 6 = 2-3m, B-$-2m 
Ay A, 2BX2L B 4 


0.6 Proof: —> = —;- = - =-= 067) 


4L? 4L 4xLl? L 6 





Calcul es and embedment factors. 


€ -038 .. 
Tm 0.45(0.67) 0.52 





D, 4 ( A, 3 4 
= 0.04 75 | + 3 Gal = ] —- 0.04 x 4 | t 3 osn) | = 0.94 


4000 kN 


FIGURE E7.8 
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Step 3: Calculate the immediate settlement. 


at 2 «ooa — 0 — 049 
Pe a E,L (1 Vi) Ice mbHawan <2 15,000x 6 (1 0.45 ) 


x 0.52 x 0.94 x 1 = 0.018 m = 18 mm a 
EXAMPLE 7.9 


Determine the immediate settlement of the foundation show Fig. E7.9. The 
undrained elastic modulus varies with depth as shown i g nd v,, = 0.45. 








Strategy You have to determine the le 
scribed rectangle. The undrained elastic 
to consider the average value of E,, for 
harmonic mean. You also need to 


th (2B) of a circum- 
ith depth, so you need 
layers andethen find the 










Solution 7.9 


Step 1: Determine the len 


4000 kPa 


Layer 1 4m 8000 kPa 


10,000 kPa 


Layer 2 8m 


30,000 kPa 


FIGURE E7.9 
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Determine E£,,. 
Layer 1 
4 
E, at base level 8 x 8000 — 4000 kPa; E, at bottom of layer — 8000 kPa 


(E). e 299999. qos kPa 


Layer 2 
E,, at top of layer 


( E, ) avg 7 





Iu 


10,000 kPa; E, at 
10,000 + 30,000 _ 


yer = 30,000 kPa 













Find the weighted harmonic 


' (1 — 045?) x 0.52 x 0.47 X 0.74 — 0.011 m = 11 mm 
E 


7.12.2 Primary Consolidation Settlement 


The method described in Chapter 4 can be used to calculate the primary con- 
solidation settlement of clays below the footing. However, these equations were 
obtained for one-dimensional consolidation where the lateral strain is zero. In 
practice, lateral strains are significant except for very thin layers of clays or for 
situations when the ratio of the layer thickness to the lateral dimension of the 
loaded area is small (approaches zero). We also assumed that the initial excess 
pore water pressure is equal to the change in applied stress at the instant the load 
is applied. Theoretically, this is possible if the lateral stresses are equal to the 
vertical stresses. If the lateral strains are zero, then under undrained condition 
(at the instant the load is applied), the vertical settlement is zero. 
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Skempton and Bjerrum (1957) proposed a method to modify the one- 
dimensional consolidation equation to account for lateral stresses but not lateral 


strains. They proposed the following equation: 
Ho 
(pp)sa = QT Au dz 







where Au is the excess pore water pressure and H, is the thickness of the soil 
layer. Skempton and Bjerrum (1957) suggested that the error in neglecting the 
lateral strains could lead to an error of up to 20% in the’es e con- 
solidation settlement. Skempton's equation (Eq. 5.44) for the ess pore water 
pressure in a saturated soil under axisymmetric loading cam be algebraically ma- 


nipulated to yield 
Au = ae (A «5 + Âg 4 N 


ke: y 






(7.41) 


By substituting Eq. (7. 7 into Eq. (2,40 10) we 


H,, 


(7.42) 
where p,, is the one-di ía idati lement (Chapter 4), 
Usp = A + Asp( for the effects of 


the lateral stress values of usg typically 
vary from 0.6 to n.0.3 to. 0.8 for overconsolidated clays. 











Settlement coefficient (Usp 












= Circular footing 


| 


sensitive 
clays 













Normally consolidated 


N 0.2 0.4 0.6 0.8 1.0 1.2 
Pore-pressure coefficient, A 
FIGURE 7.11 Values of psg for circular and strip footings. (Redrawn from Scott, 
1963.) 
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V A/a, where A is area of the rectangle or the square. Equation (7.42) must be 
used appropriately. It is obtained from triaxial conditions and only applies to 
situations where axial symmetry occurs, such as under the center of a circular 
footing. 


EXAMPLE 7.10 


Determine the primary consolidation settlement under 
in Fig. E7.10 using the Skempton—Bjerrum method 







e 





are foofing shown 





Strategy First you have to calculate the one-di ional primary consolida- 
tion settlement and then determine pg fr he ince the clay layer is 
finite, you should calculate the ve 
Appendix B. 









Solution 7.10 


Step 1: Calculate applied,s 
base of the footing. 













lation fr 





Int 


SB: 


rea of base = 2 
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What's next. ..Often, the recovery of soils, especially coarse-grained soils, for lab- 
oratory testing is difficult and one has to use results from field tests to determine the 
bearing capacity and settlement of shallow foundations. Some of the field methods 
used for coarse-grained soils are presented in the next section. 





7.13 DETERMINATION OF BEARING CAPACI 









7.13.1 Bearing Capacity and Settle 
Standard Penetration Test (SPT) 


the laboratory. Consequently, the allowa 
footings on coarse-grained soils are.« 





4 kPa | (Peck et al., 1974) (7.44) 












den pressures, and o;, is the effective 
er correction factor is imposed on N values 
>pth B below the base of the footing. The 


(7.45) 


the groundwater table, D, is the footing depth, and B is 
e depth of the groundwater level is beyond B from the 





footing base, Cw = 1. 
The corrected N value is 


Neor = CnCwN (7.46) 


The allowable bearing capacity for a shallow footing (4,) is 


da 7 041N,,,p, kPa (7.47) 


where p, is the allowable settlement in mm. In practice, each value of N in a soil 
layer up to a depth B below the footing base is corrected and an average value 
of Nco is used in Eq. (7.47). 

Meyerhof (1965) proposed that no correction should be applied to N values 
for the effects of groundwater as these are already incorporated in the measure- 
ment. Furthermore, he suggested that q, calculated from Eq. (7.47) using N,,, — 
cyN be increased by 50%. 
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Burland and Burbridge (1985) did a statistical analysis of settlement records 
from 200 footings located in sand and in gravel. They proposed the following 
equation for the settlement of a footing in a normally consolidated sand at the 
end of construction: 


(7.48) 


s (H.) of the sand 
th z,, z is depth (m) 
the footing or allow- 






stratum s the oe base is less than 2 
from the ground surface, o, is the vertic 
able bearing capacity (kPa), B and L a 






(7.49) 


below the 
N increases 
nce depth is taken äs z; = 
ence depth'is z, — 2H. 


(7.50) 


(7.51) 


om the appropriate equation [Eq. (7.49) or (7.50) or (7.51)] 
ied, you can determine o,. 


The SPT results at various depths in a soil are shown in Table E7.11a. 


TABLE E7.11a 
Depth (m) 0.9 1.2 1.5 2.1 2.7 3 3.3 4,2 
N (blows/ft) 28 33 29 28 29 31 35 41 





Determine the allowable bearing capacity for a footing located at 0.6 m 
below the surface. The tolerable settlement 1s 25 mm. The groundwater level is 
deep and its effects can be neglected. 


Strategy The question that arises is what value of N to use. If the size of the 
footing were known, then you could estimate the thickness of the soil below the 
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footing that will be stressed significantly (>10% of applied stress) and take an 
average value of N within that layer. But this 1s not the case here. We can make 
a judgment as to what depth would be effective. Here, one can say 3 m or 5 m 
or another reasonable value. The unit weight is not given so we have to estimate 
this based on the description and the N values. 









Solution 7.11 


Step 1: Determine N.,,. 
Assume an average bulk unit weight of 16 k 
the correction factor c, using either E 
spreadsheet to do the calculation as 










TABLE E7.11b 











Vertical 
Depth effective stress 
(m) (kPa) 









Strategy You have to determine whether the sand is normally consolidated 
or overconsolidated. No direct evidence is provided to allow you to make a de- 
cision as to the consolidation state of the sand. One way around this problem is 
to use Table 5.3 to make an estimate of the consolidation state. 


Solution 7.12 


Step 1: Determine the consolidation state and find z,. 
Within a depth equal to B (3 m), the average N value is 29. From 
Table 5.3, the sand can be classified as medium (N in the range 10- 
30). A reasonable estimate of the consolidation state is normally 
consolidated. 


2 = p97e = 30763 —231m 
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Step 2: Find an average N for a depth 2.3 m below the base. 
Average N value over a depth of 2.3 m below the base is 29. (Note: 
2.3 m below the base is equivalent to a depth of 2.9 m, so use the N 
values up to 3 m.) 


Step X Calculate /.. 











Step 4: Calculate q,. 


L 4 1.25L/B 
siem -A 


fi ^1 (thickness of sand 


sumed that the sand is a 
depths of 2B f 
influence the settlement. 


strains; that is 
sed for settlen dh. 
















The eq oy Schmertmann et al. (1978) is 
CpC, a Teo); 
4 p i=] (ge); : ) 





WwW, 
De factor = 1 — 0.5 








9 





z0.5 


net 








c, = Creep factor = 1.0 + A logio 





ao 
0.1)’ 





B is cone factor | = 2.5 for square footing (axisymmetric condition), 8 = 3.5 for 
strip footing (plane strain condition)], ne: is the net footing pressure in kPa 
(applied stress minus soil pressure above the base of footing), c; is the vertical 
effective stress in kPa, fis time in years (t = 0.1), A is an empirical factor taken 
as 0.2, Az, is the thickness of the ith layer, (/.,), is the influence factor of the ith 
layer given as: 


Axisymmetric 
1 z z _B 
Ig = 0.1 + (s j (3) for B = 2 (7.53) 


(7.54) 
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Plane strain 





















(7.55) 


(7.56) 


The units of B is meter. 
The procedure to determine the settlement from Ais as follows: 


sublayers is four. For strip footin 
number of sublayers is eight. 


of q, versus depth. 
3. Find I., at the cente 
4. Estimate p using Eq. 


EXAMPLE 7.1 


A representative 
3 m wide imposin 





of cone data at a site 15 sh 





ce depth into layers. 


uence depth = 2B — 6m 


Depth (m) 


FIGURE E7.13 
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Step 2: For each sublayer, find the average value of q., 1.,, and p. 
Use a spreadsheet program. 





"At center of layer. 





ae = 200 kPa 







of =1X17= 







c, = 1 * 02 log, 







Step 3; Calculate the : 














x' 0.22 — 20.3 — 70 mm m 


jt expensive. The alternative is to carry 
12)to aulate the load-settlement behavior of a real 
steel with sizes varying from 150 to 760 mm. 


m. Loads are applied in increments of 10% to 20% 
bearing capacity. Each load increment is held until 
al settlement at the end of each loading increment is 
recorded. continued until the soil fails or settlements are in excess of 
1096 of the liameter. The maximum load should be at least 1.5 times the 
estimated allowable bearing capacity. 










Stress or load 





Settlement 


e,- 


FIGURE 7.12 Plate load test. 
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If the sand were to behave like an elastic material, then the settlement can 

be calculated from 
|y 

= = quB, Pp E 

where p, is the plate settlement, o,, is the applied stress, B 
diameter of the plate, v' is Poisson's ratio, E' is the elastic mo 
influence factor (0.82 for a rigid plate). The settlement of the r 
width B is related to the plate settlement by 


ad LE y 
PPT BIB 


In the limit B,/B — o, p/p, — 4. 
Equation (7.57) is only valid if the s 
are several problems associated with th 





l; (7.57) 



















s the width or 


1. The test is reliable only if the 


weak layer by the plat 
can have signi 
real footing. 


icates that the limit of p/p, ranges between 
ue of 4. 





above the groundwater, your results would be affected by negative pore 
water pressure. 


What's next ...We have considered only vertical settlement under vertical and in- 
clined loads. Horizontal displacements and rotations are important for structures sub- 
jected to significant horizontal loads. Next we will consider horizontal displacements 
and rotations. 


7.14 HORIZONTAL ELASTIC 
DISPLACEMENT AND ROTATION 





Structures such as radar towers and communication transmission towers are sub- 
jected to significant horizontal loads from wind, which can lead to intolerable 
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lateral displacement and rotation of their foundations. Gazetas and Hatzikon- 
stantinou (1988) proposed equations based on an isotopic linearly elastic soil to 
determine the elastic horizontal displacement and rotation of an arbitrarily 
loaded foundation. The equations were obtained by curve fitting theoretical 


are presented in 





elastic solutions for d = 2. A summary of these equatio 


Table 7.6 You must be cautious (see Section 7.12.1) in usi tions in 


Table 7.6. 










TABLE 7.6 Equations for Estimating the Horizon a int and Rotation of 
Arbitrarily Shaped Foundations (Source: Gazetas and Hatzikonstantinou, 1988). 


O O A 


















Loading Surface foundation 


(Pal mt = Palam 


D n.38 
amy = 7 — 0.74 (2) 


B ss 77 8, 


ded foundation with sidewall-soil contact surface of total areas A_ 


Lateral direction y Longitudinal direction x 


E (9 


h E 
lne =i E - a | 


Moment B — B.eulit ail, 


epe P pe ee OT 


Notes: Substitute the appropriate values for H, and M in the above equations. For example, if you are considering the X 
direction, H, = H, and M — M,. Also use the appropriate values for u., and 8,. For example, in the X direction, is = phax 
and 6, = 6,.. For short term loading use the undrained values of £ and v while for long term loading use the effective 
values. The terms /, and l, are the second moment of areas about the X and Y axes respectively and 8 is the rotation 
caused by the moment. 
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7.15 SUMMARY 





In this chapter, we described ways in which you can calculate the bearing capacity 
and settlement of shallow foundations. The critical criterion for design of most 










termined from field tests. We showed how to use the results of 
test, and the plate test to estimate the bearing capacity a 
foundations on coarse-grained soils. 


Practical Examples 
EXAMPLE 7.14 


Sand 
$, = 37°, 4, 2 329, y= 16 kN/m?, ha 7 17 kN/m?, E' 2 40 MPa, v' 2 0.35 


Soft clay 


s, — 40 kPa, $; = 20*, E, - 8 MPa, E' - 6.5 MPa, OCR = 1.3, C, = 0.45, 
C= 0.09, w = 55%, G,= 2.7 


Dense gravel 


FIGURE E7.14 
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Step 2: Calculate the elastic settlement. 















Sand 
Neglect side wall effects; that is, pwan = 1 


D, 4B 1.5 4 
rine = 1 - 00822 (1 + $2) = 1 - 08 25 (1 + = 


I, = 0.62 In(L/B) + 1.12 = 1.12 
,B[1 — (v'Y P[1 - (vy 
- zB o Eum E P] 
_ 500(1 — 0.35%) 
40 X 10° x 3 





Clay 


Find the equivalent footing 
the depth from the bas 






Equivalent width and lems 
2.5 1 


274149... i 
we = S45 9.8 = 16.5 kN/m 


vertical effective stress (overburden pressure) at 
lay layer. 


o= 3X 16 + 1(17 — 9.8) + 1116.5 — 9.8) = 61.9 kPa 


3 
m=n= yt = 0.43; from stress chart (Fig. 3.25), /, = 0.068 
Ag m AX IP x 0068 = 15.1 kPa 


Gio * Ac, — 61.9 + 15.1 = 77 kPa 
a}. = OCR X o;, = 1.3 X 61.9 — 80.5 kPa » o;, + Ao, 
's ct Ag 
- o C. lo Ozo - z 
"e 714 ĉo B a. 
a 
1 + 1.49 





x 0.09 log a = 6.9 x 10? m — 69 mm 
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Step 4: Find the total settlement. 






Total settlement: p = (P,)sana + (Pedeciay + Ppe 
= 3.7 + 8.8 + 6.9 = 19.4 mm 











Step 5: Check the bearing capacity. 
The groundwater table is less than B — 3 m be 
groundwater effects must be taken into acc 

Calculate the bearing capacity using M 













ESA (sand) 






_ 1+ sin 32° _ 
kp = 1 — sin 32° 






692 
2390 — 71.2 X3 





= 15.4 > 1.5 (okay) 






Checkthe bearing capacity of the clay. 






Equivalent footing width: B+z,=3 +25 =53.5m 


y 230 165 
(Ac)max = 5.5 7 165 kPa 








TSA (clay) 
Use Skempton’s equation (7.14). 


— D, SB 
Gut = safi + 0.2 B J + 0.2 3 


=5 x 40 x E +024)(1 +023) = 304 kPa 






304 
= —— = GAB 
FS 165 18.4 > 3 (okay) 
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ESA (clay) 
Use Meyerhof's method. 
 1i-t*sn20 . 
"^ ]-sin20 ^ 












Sq = Sy =14+01X%2=12;d,=d,=1+01 2x == 119 


Ny = etn an (45 + 2) -64 N, 


N, = (N, — 1) tan(1.4 X 20) = 2.9 
Y = Ysa — Yw = 16.5 — 9.8 = 
Qu 7 6.7 X 4 X 5.4 X 1.2 X 
X 6.7 X 2.9 X 1.2 
221 


FS = T6565 ~ 


Settlement governs 


EXAMPLE 7.15 










y layer is very 
stressed. From 
r a square footing is less than 10%. So you can use 
ickness of the clay. The Skempton—Bjerrum 








footing would 
increase b 





Inside edge 





I 
Footing A 
Vertical load 2 500 kN 
Moment = 0 


Footing B 
Vertical load = 250 kN 
Moment = 100 kNm 





Clay: y,4 = 17 kN/m?, m, — 0.00045 m?/kN, E, = 25 MPa, v, = 0.45, 
04, 7 24*, s, 2 80 kPa 


FIGURE E7.15 
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Solution 7.15 


Footing A 
Step 1: Assume a width. 
Assume a square footing of width B — 3 m. 















Step 2: Calculate the elastic settlement. 


From Eqs. (7.35) to (7.37): =], Wan =l, p= 0.45 


4L? 


li 


0.45 x 1 = 0.45 





Step 3: Compute the con 
Determine the s 


I. (kPa) 
0.175 38.9 
0.045 10.0 
0.018 4.0 


252.9 


Equivalent diameter of footing: D — j = £ = 1.69m 


H, H, 9 . 
B D 1.69 59 


HB = 5.3 is outside the plotted limits in Fig. 7.11. We will use 
H JB — 4, which will result in an overestimation of the primary 
consolidation settlement. From Fig. 7.11, usg = 0.58. 
Poo = Xm, Ao; H,usg — 0.00045 x 52.9 x 3 X 0.58 
— 41.4 X 10? m = 41.4 mm 
Total settlement = 4.5 + 41.4 = 45.9 mm < 50 mm 


Total settlement of footing B is okay. 












7.15 SUMMARY 363 


Footing B 


Calculate the eccentricity. 


Assume a width. 
For no tension e/B « 6; that is, B — 6e. 


Bain = 6 X 0.4 = 2.4 m; 
Calculate the elastic settlement 
1 4 
4 ae — () 2 ab m 
Hemb 1 0.04 X 125 K 3 
500 


Pe = 35000 x 125 | ~ 





ent diameter of footing: 


HB = 6.4 is outside the plotted limits in Fig. 7.11. We will use HJ 
B — 4, which will result in an overestimation of the primary 
consolidation settlement. From Fig. 7.11, psg = 0.58. 


pp. 7^ Xm, Ao, Hpsg — 0.00045 X 28.2 X 3 X 0.58 
= 22.1 x 1077 m = 22.1 mm 


Calculate the total settlement. 
P = pe + ppe = 5.3 + 22.1 = 27.4 mm < 50 mm 


Total settlement of footing B is okay. 
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Step 9: Calculate the distortion. 







ò = 45.9 — 27.4 = 18.5 mm 
5 18.5 mod 
€ (20— 125) x 10? 






therefore, distortion is okay 






1 
= — < —: 
1014 350° 





Step 10: Check the bearing capacity. 
Use Meyerhof’s method because of the eccentri 
B. 









Footing A 





Factors 
K, = tan*(45° + 24°/2) 


Equation (7.20): 


)s, d, + O.SYBN,s, dy 
(17 X 1 X 86 x 124 x 1.05) 
5 X 17 X3 X 5.7 X 1.24 X 1.05) = 380 kPa 
380 
55.6 —- 17 x 1 






= 9.8 > 1.5 (okay) 


Footing B 
B' = B — 2e =25-2XxX04=17m 


The only factors that would change are the depth factors. 


TSA 
Qu = 5.14 X 80 X 1.2 X 1.12 = 553 kPa 
553 


Equation (7.26): FS == aq 


= 9 > 3 (okay) 
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ESA 
Gur = YDs(Ng-1)Sq dg + O.SyB'Nys, dy 
— (17 X 1 X 86 x 1.24 X 1.09) 
+ (0.5 Xx 17 X 1.7 X 5/7 X 1.24 X 1.09) = 


| 8310 
784-17 x1 


0 kPa 










FS = 5 > 1.5 (okay) 





Step 11: Recommend footing sizes. 


Footing A: 3mxX3m; p 
Footing B: 2.5 m X 2.5 m; 


EXERCISES 








Theory 


7.1 Show that the ultimate load for a s p ing the two 
triangle failure surfaces s 







FIGURE P7.1 





7.2 A strip footing, wide, is founded on the surface of a deep deposit of clay. The un- 
drained shear strength of the clay increases linearly from 3 kPa at the surface to 10 kPa 
at a depth of 5 m. Estimate the vertical ultimate load assuming that the load is applied at 
an eccentricity of 0.75 m from the center of the footing’s width. [Hint: Try a circular failure 
surface, determine the equation for the distribution of shear strength with depth, and 
integrate the shear strength over the radius to find the shear force.] 


7.3 The centroid of a square foundation of side 5 m is located 10 m away from the edge of a 
vertical cut of depth 4 m. The soil is a stiff clay whose undrained strength is 20 kPa and 
whose unit weight is 16 kN/m?. Calculate the vertical ultimate load. 


Problem Solving 


7.4 Calculate the ultimate net bearing capacity of (a) a strip footing 1 m wide, (b) a square 
footing 3 m X 3 m, and (c) a circular footing 3 m in diameter using Terzaghi's and Mey- 
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7.5 


7.6 


7-7 


7.8 


7.9 


7.10 
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erhof’s methods. All footings are located on the ground surface and the groundwater level 
is at the ground surface. The soil is coarse-grained with ysa = 17 kN/m’, 6., = 30°. Ifa 
factor of safety of 1.5 ts desired, which footing is most effective? 






















A strip footing, founded on dense sand (o; — 35? and Ysa — 17 kN/m?), is to be designed 
to support a vertical load of 60 kN per meter length. Determine a suitable width for this 
footing for FS = 3. The footing 1s located 1 m below the ground surface, The groundwater 
level is 10 m below the ground surface. 


A square footing, 3 m wide, is located 1.5 m below the surface i etermine 
the allowable bearing capacity if s, = 100 kPa, and Ysa = 2 -Tithe footing were 
located on the surface, what would be the allowable bearing capaci FS 23 

A column carrying a load of 750 kN is to be founded on a rectangular footing at a depth 
of 2 m below the ground surface in a deep clay s What will be the size of the footing 
for FS = 1.5 for an ESA and FS = 3 for a TSA? T i ties are þa = 28°, y, = 


18.5 kN/m^, and s,, ^ 55 kPa. The ground 
expected to rise to the ground surface duri 


load. 


A square footing is required t 
The building code requires a 
below the ground surface. Cal 
and FS = 3. 


at 15° to the vertical plane. 
'oundwáater level is at 1 m 


The footing for a 
layer is normally 
bearing capaci 
solidation) 


n in Fig. P7.10. The clay 
nine the factor of safety against 
mpression and primary con- 


FIGURE P7.10 
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7.14 A multilevel building is supported on a footing 58 m wide X 75 m long X 3 m thick resting 
on a very stiff deposit of saturated clay. The footing is located at 3 m below ground level. 
The average stress at the base of the footing is 350 kPa. Groundwater level is at 12 m 
below the surface. Field and laboratory tests gave the following results: 


Depth (m) 0.5 6 25 
s,, (kPa) 58 122 156 





€, = 0.57, C, = 0.16, C, — 0.035, 6; — 28, b, — 24^, E, 
kPa, and v’ = 0.3. Determine the total settlement and t 
capacity failure. 


, V, 7 0.45, E" — 900 
r against bearing 


Practical 


e foundation is at 
e tank foundation 
19 kN/m?). The 
ow the ground 


"Ty | 
m 


I 


^ Yr TF FIA YTA T A INTAR T 
1 i i ! i g | m d fy i I l ^ b i 4 t " f I A D F f "o A A M À = 
im of, SUB. f E, y | I " ye w , " 
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8.0 INTRODUCTION 





In the previous chapter, we studied the analysis ations. In some 
cases, shallow foundations are inadequate 
deep foundations are required. When th 
variably means pile foundations. A pil 
in the ground to transfer the structura 





You would need to recall the following: 


* Effective stresses— Chapter 3 
* Consolidation— Chapter 4 
* Statics 


Sample Practical Situation A structure is to be constructed on a deposit 
of soft soil. Shallow foundations were ruled out because the estimated settlement 
exceeded the tolerable settlement. The structure is to be supported on piles. You 
are required to determine the type of piles to be used, the configuration of the 
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FIGURE 8.1 Concrete piles used for the foundation of a skyscraper. (O Fritz 
Henle/Photo Résearchers.) 


piles (single pilesor pile groups) and the lengtthof piles required to safely support 
the struetire without exceeding ultimate and serviceability limit states. An ex- 
ample of a-pilé foundation under Construction is shown in Fig. 8.1. 


8.14. DEFINITIONS OF KEY TERMS 








Pile —a slender, structural member consisting of steel or concrete or timber. 


Skin friction stress or shaft friction stress or adhesive stress (f,) is the frictional 
or adhesive stress om thé shaft of a pile. 


End bearing stress or point resistance stress (f,) is the stress at the base or tip of 
a pile. 

Ultimate load capacity (Q,,,) is the maximum load that a pile can sustain before 
soil failure occurs. 


Ultimate group load capacity [(Q,;),] is the maximum load that a group of piles 
can sustain before soil failure occurs. 


Skin friction or shaft friction or side shear (Q,) is the frictional force generated 
on the shaft of a pile. 


End bearing or point resistance (Q,) is the resistance generated at the base or 
tip of a pile. 


End bearing or point bearing pile is one that transfers almost all the structural 
load to the soil at the bottom end of the pile. 
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Friction pile is one that transfers almost all the structural load to the soil by skin 
friction along a substantial length of the pile. 


Floating pile is a friction pile in which the end bearing resistance is neglected. 








8.2 QUESTIONS TO GUIDE YOUR READING 





1. What are the differences between the different t 

2. How is a pile installed in the ground? 

3. How do I estimate the allowable load c j e pile and pile 
groups? 

4. How do I estimate the settlement offa single pi d pile groups? 

5. Is the analysis of the load capacity o ile ex 


















or is it an approximation? 


8.8 TYPES OF PILES AND INS iid ION 


Piles are made from RE steel or timber (Fig. 
type of pile require a pre 


. The selection of the 
ct depends on w eadily available, the 













Finished grade inished grade 


NE 







rugated sectional 30-135 cm 
eel shell l—4 
Taper (may be omitted) 
(a) Cast-in-place concrete pile recasUprestressed concrete pile 
june grade Finished grade Butt 
Soil plug 
H-section steel pile 
(c) Steel plate 
Tip or 
base 
(d) Timber pile 


FIGURE 8.2 Pile types. 








8.3 TYPES OF PILES AND INSTALLATION 371 


magnitude of the loading, the soil type, and the environment in which the pile 
will be installed, for example, a corrosive environment or a marine environment. 


8.3.1 Concrete Piles 


There are several types of concrete piles that are commonly 
cast-in-place concrete piles, precast concrete piles, and d 
place concrete piles are formed by driving a cylindrical steel Shell into the ground 













hese include 


contribute to the 
the ground and 
ile. Plain concrete is 


load transfer capacity of the pile. Its purpose is to o 
keep it open to facilitate the construction o 


of the pile. Vigilant quality control ¢ 
to ensure the integrity of cast-in-pl 


*etions. Steel pipe piles are seamless pipes 
ths up to 70 m. They are usually driven with open 
ed where the piles have to penetrate boulders 
apacity of steel pipe piles, the soil plug (Fig. 
y concrete. These piles are called concrete-filled 










been used since ancient times. The lengths of timber piles 
depend on the types of trees used to harvest the piles, but common lengths are 
about 12 m. Longer lengths can be obtained by splicing several piles. Timber 
piles are susceptible to termites, marine organisms, and rot within zones exposed 
to seasonal changes. 

A comparative summary of the different pile types is given in Table 8.1. 


8.3.4 Pile Installation 


Piles can either be driven into the ground (driven piles) or be installed in a 
predrilled hole (bored piles or drilled shafts). A variety of driving equipment is 
used in pile installations. The key components are the leads and the hammer. 
The leads are used to align the hammer to strike the pile squarely (Fig. 8.3). 


TABLE 8.1 Comparisons of Differe el 


Pile type 


Cast-in-place 
concrete 


Precast concrete 


Raymond 
cylinder 


Steel pipe 


Concrete-filled 


pipe 


Steel H-pile 


Timber 


Section 
(m) 


0.15-0.45 
(diameter) 


0.15-0.25 
(width) 


0.6-2.3 
(diameter) 
0.2-1 
(diameter) 


0.2-1 
(diameter) 


Webs: 1-3 
Flange: 
0.2-0.35 


0.125- 
0.45 
(diameter) 





Common 
lengths 


(m) 





=35 





12-35 







P able 


Averz 








lo stress 
(k (MPa) Advantages Disadvantages 
600 4.5-8.5 n sustain hard driving, resistant to Concrete can arch during placement, 





arine organisms, easily inspected, 


length can be changed easily, easy to driven before concrete sets 


















Cutting and lengthening of piles can 
be expensive, handling is a 
problem, shipping long piles is 
expensive, may crack during driving 


Cost (expensive) 


Needs treatment for corrosive 
environment 


Similar to steel pile 


atment for corrosive 


deteriorate if not 
annot ta ard driving, 
cannot be inspected after driving 








can be damaged if adjacent piles are 


ZLE 


SNOILVONNOS Fld 8 YJLdAVHI 
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Hammer 













Drive cap 





Pile monkey 


Pile gate 


Pile 


FIGURE 8.3 Key components 





Hammers can be simple drop d 15 kN or 
modern steam/pneumatic.hamme es of steam/pneumatic ham- 
mers are shown in Fig. i i steam or air to lift 


the ram and its accessori ble-acting hammer 
is used to increase the n es steam/air to lift the 
ram and force it down. 









PII III 


prey 





Upper valve 


Lower valve 


Ram 


Ram point 







Cushion Anvil 


Drive cap Drive cap 


(a) Single acting (b) Double acting 
FIGURE 8.4 Two types of hammer. 
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What's next . . .We have described the various types of piles that are in common use. 
In the next section, methods of estimating the load capacity are presented. The load 
capacity of piles has been studied extensively. But no single satisfactory method of 
determining the load capacity has evolved. Pile load capacity is mostly based on 
empirical equations, experience, and judgment. 

























8.4 LOAD CAPACITY OF SINGLE PILES 





Analysis of the bearing capacity, called load capacity, i e classified 
into three categories depending on the degree of sophis ired and the 
importance of the structure. These three categori ized in Table 8.2. 


if not impossible, to account for the var 
in the quality of construction practice 


teristics in ways that we cannotya 
The ultimate load capacity, 
due to friction (Fig. 8.5), d skin fi 
and the other is due to end 
friction is greater t abou 








96 









TABLE 8.2 Categories of Analysis/Design Procedures 


Category Subc sion 


1 


Method of 
parameter 
Characteris: determination 





Empirical—not based on soil Simple in situ or laboratory 
mes ics principles tests with correlations 


2 2A sed on simplified theory or Routine, relevant in situ 
s; uSe8s. soil mechanics tests—may require some 
enable to hand correlations 


culation. Theory is linear 
eformation) or rigid 
lastic (stability). 

s for 2A, but theory is nonlinear 
(deformation) or elastoplastic 





(stability). 

3 3A Based on theory using site- Careful laboratory and/or 
specific analysis, uses soil in situ tests that follow the 
mechanics principles. Theory is appropriate stress paths 


linear elastic (deformation) or 
rigid plastic (stability). 


3B As for 3A, but nonlinearity is 
allowed for in a relatively simple 
manner. 

3C As for 3A, but nonlinearity is 


allowed for by way of proper 
constitutive models of soil 
behavior. 


Source: On behalf of the Institution of Civil Engineers. 
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Pile shaft 


| Pile base or tip 
Q, 
g ance. 





FIGURE 8.5 Pile shaft and end beari 












deemed a friction pile and, if se, an end bearing pile. e end bearing 


ng pile. 





(8.1) 


"SC 


(82) 


; ained soils, the load transfer is nonlinear and decreases 
ith depth, as illustr in-Fig. 8,6. As a result, elastic compression of the pile 
niform; ion occurs On the top part than on the bottom part 


A, 
Shaft friction transfer curve for 
fine-grained soils 


Failure surface due to end bearing 
FIGURE 8.6 Load transfer characteristics. 





Embedded length, L 


Plastic zone 
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of the pile. For coarse-grained soils, the load transfer is approximately linear with 
depth (higher loads at the top and lower loads at the bottom). 

In order to mobilize skin friction and end bearing, some movement of the 
pile is necessary. Field tests have revealed that to mobilize the full skin friction 
a vertical displacement of 5 to 10 mm is required. The actual vertica lacement 
depends on the strength of the soil and is independent of the pi 
diameter. The full end bearing resistance is mobilized in driv 





















required. The full end bearing resistance is mobilized ailure zones 
similar to shallow foundations are formed (Fig. 8.6). T ing resistance 
can then be calculated by analogy with shallow important bear- 
ing capacity factor is Np. 

The full skin friction and full end 
displacement. The skin friction is mobi 1 
ment required to mobilize the end be 


to end bearing. 
Generally, piles drivé 
adjacent soil. When piles z 


strength of the 
estimations of th 












*s are densified and ó' — 6. The actual 
itude of the normal effective stress. Since the 


load capacity. It would be prudent to use 
e overconsolidated clays with a predominance 
= }. The formulas for load 











tate friction angle should be used in estimating the long- 
term load capacity of piles, except you should use the residual friction 
angle for overconsolidated clays with a predominance of flat particles, 


What's next . ..A variety of methods are available to determine Q, and Q,. We will 
deal with four methods: 


* Pile load test 
* Statics—a- and B-methods 
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* Pile-driving formulas 
* Wave analysis 


We begin with the pile load test. 










8.5 PILE LOAD TEST _ 
The purposes of a pile load test are: 


* To determine the axial load capacity of a sing 
* To d the Seeman of a sin 


pile or, more mon 
(Fig. 8. ae if load transfe 


Reaction pile 


Test pile 


FIGURE 8.7 A pile load test setup. 
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Load 
Qui 23x x zm eel 
Well-defined ultimate load 
Qui ill-defined ultimate load 
O 


Settlement 
FIGURE 8.8 Load-settlement curves. 


variations of pile load test plots a 
The ultimate load is not a 











termine the allowable 
tate, for example, a settlement 
at allowable (working) load 
tlement plot (Fig. 8.8). 











eter. The settleme 
determined from the load- 


of 10% o 


capacity is ead 
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id n d Cry 





The results of a load test on a 0.45 m diameter pile are shown in the table below. 
Determine (a) the ultimate pile load capacity, (b) the allowable load for a factor 
of safety of 2, and (c) the allowable load capacity at 10% pile displacement. 











Displacement | 0.0 1.3 25 5.1 7.6 102 127 15.2 17.8 203 229 25.4 27.9 30.5 33.0 
(mm) 


Load (kN) 






0 200 350 670 870 1070 1250 1400 1500 1600 1700 1750 1780 1810 1830 













Displacement | 35.6 38.1 40.6 43.2 45.7 47.0 


(mm) 


Load (kN) 1860 1870 1890 1890 1900 1905 
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Load (kN) 






0.0 100 200 300 
Displacement (mm) 


FIGURE E8.1 














Strategy Plot a graph of displacement vers id and then follow the pro- 


cedure in Section 8.4. 


Solution 8.1 
Step 1: Plot a displacement-lo: 








Step 4: Determine the pi capacity at 1096 pile diameter. 


isplacement = 450 X 0.01 = 4.5 mm 
From Fig. E8.1: Q, = 510 KN z 









What's next . . .Pile loa ts are expensive and are not often conducted in the pre- 
liminary stages of a design. To get an estimate of the pile load capacity, at least in 
the preliminary design stages, recourse is made to statics and to correlations using 
soil test results. In the next section, we will examine how statics is applied to obtain 
an estimate of pile load capacity and some correlations between field soil test results 
and measured pile load capacity. 


8.6 METHODS USING STATICS 





8.6.1 a-Method 


The a-method is based on a total stress analysis (TSA) and is normally used to 
estimate the short-term load capacity of piles embedded in fine-grained soils. In 
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the a-method, a coefficient, «,, is used to relate the undrained shear strength, s,,, 
to the adhesive stress (f,) along the pile shaft. The skin friction, Q;, over the 
embedded length of the pile is the product of the adhesive stress (f, = a,5,,) and 
the surface area of the shaft (perimeter X embedded length). Thus, 





j 
.Qy 7 2, (es), X (Perimeter), X (Length), 
| i=l 









a cylindrical pile of uniform cross section and diamefe 
mogeneous soil, Q; is given by 


where L is the embedded length of the pi 
The value of a, to use in determini 
of much debate and testing. Most tests to 


"^ in Piles from Laborato ests 









TABLE 8.3 Skin Friction Factors o, and f 





















Soil type Equation | Sk Reference 
Clay | v 25 KPa) v API (1984) 
QuSu «,7 0.5 (s, 70 kPa) 
u— 25 
90 for « 70 kPa 
«4,7 1.0 (s, 35 kP Semple and 
—- 0.5 (s,z 80 kP Rigden (1984) 
*) for 3 a « s, « 80 kPa 
Fleming et al. 
Saca: cm (985) - 


Burland (1973) 





.15-0.35 (compression) McClelland (1974) 


.10-0.24 (tension) 

B = 0.44 ford’ = 28° Meyerhof (1976) 
0.75 ford’ = 35° 
1.2 for’ = 37° 

B = (KIK) K, tan(o’‘/’) 

$;/6' depends on installation method (range Stas and Kulhawy 

0.5-1.0) (1984) 

K/K, depends on installation method (range 0.5- 

2.0) 

K, = coefficient of earth pressure at rest and is a 

function of OCR 


Uncemented f= Boi B = 0.05-0.1 Poulos (1988) 
calcareous sand 


Source: On behalf of the Institution of Civil Engineers. 
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model piles installed in a uniform deposit of soil. The major problems with these 
laboratory tests are: 


l. It is difficult to scale up the laboratory model test results to real piles. 


2. The soils in the field are mostly nonuniform compared 
pared uniform soils in the laboratory. 


3. Pile installation in the field strongly influences w cannot be accu- 
rately duplicated in the laboratory. 


arefully pre- 


















Full-scale field tests on real piles are preferred, chtests are expensive 
results from cone penetrometers and 
are found from statistical correlatio 
Some popular ranges of values of «,, 
8.3 and 8.4. You should use o, fr 


n linked to o, but these 
coefficient of correlation. 
are summarized in Tables 


piles, you should be able tc 
condition. 

The end bearing ¢ 
is expressed as 


where f, is t 
(s,,), isthe un 


y 


TABLE 8.4 Skin Friction Factors «,, and p 
x9 — 0.45 (London clay) Skempton (1959) 


T3 
— . 
a, = 0.7 times value for driven Fleming et al. (1985) 


fs = aS, 
displacement pile 
«,70 forzz 15m Reese and O'Neill 
andz>L-D (1988) 
«, = 0.55 for all other points 
f= ot K is lesser of K, or 0.5(1 + Kə) Fleming et al. (1985) 


K/K, = $ to 1; K, is a function of Stas and Kulhawy 












Sred Piles or Drilled Shafts 









Skin friction factors Reference 





OCR; $; depends on interface (1984) 
materials 
Sand fs = Bot B=0.1 ford’ = 33° Meyerhof (1976) 
0.2 ford’ = 35° 
0.35 ford’ = 37° 
B = F tanlo’ — 5°) Kraft and Lyons 


where F = 0.7 (compression) (1974) 
= 0.5 (tension) 


Uncemented f: = Bo; B = 0.5-0.8 Poulos (1988) 
calcareous sand 60 kPa = f, = 100 kPa 


Source: On behalf of the Institution of Civil Engineers. 
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TABLE 8.5 End Bearing Resistance Factors, N, 





Soil type Equation End bearing factors Reference 


Clay fo 


i} 


NASu)o N.=9 for lL/D=3 Skempton (1959) 
N: = 6[1 + 0.2(L/D,)]; Dais the and O'Neill 
diameter at the base of the pile, N, =< 
9, and f, = 3.8 MPa 

Í» * Nslo3, N, = (tan ġ' + Vi + tan? ’)? 

exp(2y, tan $') 

Wp = 7/3 to 0.587; lower value 

range are for soft, fine-grained 

higher values are for dense, coa 

grained soils and ov i 

fine-grained soils 



















— No, N, = 40 API (1984) 


rezantzev et al. 


Uncemented fe = Na} S Datta et al, (1980) 
calcareous sand Poulos (1988) 
uced value of Dutt and Ingram 
(1984) 


Source: On behalf of the a v, ivi! Engineers. 


the pile. Ranges of values for N, are shown 


ross-sectional area e base o 


Cony 


on an effective stress analysis and is used to determine 
-term pile load capacities. The friction along the pile shaft 
is found using mb’s friction law, where the frictional stress is given by f, = 
wo, = a, tan d;, and where uw is the coefficient of friction, o% is the lateral effec- 
tive stress, and ó; is the interfacial effective friction angle. The skin friction is 


expressed as 
; 
Q; = Y, (o), tan $; X (Perimeter), X (Length), (8.6) 
i-1 


The lateral effective stress is proportional to the vertical effective stress (o;) by 
a coefficient K (Chapters 3 and 4). Therefore, we can write Eq. (8.6) as 






j 
Q; = Y K;(o,), tan 6; X (Perimeter), X (Length), (8.7) 
i=] 
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We can replace the two coefficients K and tan ó; by a single factor B to yield 








(8.8) 
Recall from Chapters 3 and 4 that for normally consolidated soils 
and for overconsolidated soils 
K = 
A general expression for B is 
Esci 

Rerx- 69 
The value of B is also ct of many debates; especially for coarse-grained 
soils. A short list of reco alues is shown i bles 83 and 8.4. Because 








ed clays with a predomi- 
stress, o;, is normally calculated 


(8.10) 





angle w, (cal 
is 


e angle of pastification, as shown in Fig. 8.6). Janbu’s equation 


| N, = (tan $’ + V1 + 1 tan? $')? exp(2y, tan $') | (8.11) 


The value of , varies from Y, = 1/3 for soft, fine-grained soils to y, = 0.587 
for dense, coarse-grained soils and overconsolidated fine-grained soils. For soft, 
compressible soils, the pile tip may easily penetrate the soil without causing sig- 
nificantly large plastic zones. For these types of soils, y, should not exceed 7/3. 
In dense, coarse-grained soils, the plastic zones could be substantial but it is 
recommended (Janbu, 1976) that for these soils v, should not exceed 7/2. Ber- 
ezantzev et al. (1961) proposed a relationship between N, and ¢’ as shown in 
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130: = 











and 


I, = (8.14) 


(0), tan o’ 
where G is the shear modulus, £, is the volumetric strain, and (o;), is the vertical 
effective stress at the base. The original equation for N, proposed by Vesic (1975) 
contained s, in the denominator of Eq. (8.14). The author removed s, from the 
original equation since we are considering an effective stress analysis. A list giving 
values for N, proposed by various investigators 1s shown in Table 8.5. 
Coarse-grained souls are difficult to sample. A number of correlations be- 
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TABLE 8.6 Correlations’ Between Skin Frictional Stress, f ,, and SPT Values 





Pile type Soil type A B Remarks Reference 
Driven Coarse-grained 0 2.0 fs = average value Meyerhof (1956) 
displacement over shaft 





















Shioi and Fukui 
(1982) 


N = average SPT 

along shaft 

Halve f. for small 

displacement pi 
Coarse-grained 10 3.3 Pile type not 
and fine-grained 50> N2>=3 

fs = 170 kPa 






court (1982) 


Shioi and Fukui 
(1982) 


Fine-grained 0 10 


Yamashita et al. 
(1987) 


Shioi and Fukui 





Cast in place Coarse-grained 30 2.0 


Fine-grained 0 = 150 kPa 


Shioi and Fukui 
(1982) 








Coarse-grai Findlay (1984) 
Shioi and Fukui 
(1982) 
Wright and Reese 
(1979) 
Shioi and Fukui 
(1982) 
s cast under Decourt (1982) 
pentonite 
50=N=3 
s = 170 kPa 
Chalk 30 >N> 15 Fletcher and 
fs = 250 kPa Mizon (1984) 
*Correlation equation is f, = A + BN (kPa); es in blows/ft or blows/0.31 m. Source: On behalf of the Institution 





gineers. 


tween field soil tests and pile load capacities have been proposed for coarse- 
grained soils. Some of these correlations for the SPT are shown in Tables 8.6 and 
8.7. Other correlations exist for some penetrometers and pressure meters. 


‘he ess i Jt n S 4 or 
) Ep e 
fa o Aa PRETE rame Qui 1049510: «Jig dic 
A In e icone 10d is be as ona 'SA a an idi S use d to | es timate the 
ze 


= ENT 


ferm pile load d capacity in fine-gi ra ined soils. 


ee Te 





timat - a 
DIE i na: e 


maS 
"capacities in 
rr: "ets ua 


HIE UGH S 
2 / Jw sere t Perit y 
y Ane 1v, ure uncereatn,. 


U = 7, 
= 
ct 
E > [ 


F j 
a ^55 


>er 
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TABLE 8.7 Correlations’ Between End Bearing Resistance, f,, and SPT Values 

















Pile type Soil type C Remarks Reference 
Driven Sand 0.45 N = average SPT value 
displacement in local failure zone 
Sand 0.40 
Sand Ls L, = length of pile i 
0.04 D sand, p i 
width. N is in v 
of base; C = 0. 
Silt, sandy silts 0.35 Martin et al. 
(1987) 
Glacial coarse to fine 0.25 Thorburn and 


MacVicar 
(1971) 


silt deposits 












Residual sandy silts 
Residual clayey silts ourt (1982) 
Clay 


Decourt (1982) 


Shioi and Fukui 
(1982) 


Clay 
All soils 






Shioi and Fukui 
(1982) 
Yamashita et 
al. (1987) 

fa = 0.09 (1 + 0.16L,) Yamashita et 
where L, = tip depth al. (1987) 

(m) 


Cast in place Coa 














Fine-grained soils 


* 


Shioi and Fukui 
(1982) 


Shioi and Fukui 
(1982) 


Hobbs (1977) 







"Correlation equation is fa = CN (MPa. Source: On behalf of the Institution of Civil Engineers. 


EXAMPLE 8.2 


A cylindrical pile of diameter 400 mm is driven to a depth of 10 m into a soft, 
normally consolidated clay. The soil parameters are s, — 20 kPa, 4 — 28^, and 
Year = 18 kN/m?. Groundwater level is at the surface. Estimate the allowable load 
capacity for a factor of safety of 3. Is the pile a friction pile? 


Strategy The solution is a straightforward application of the pile load capacity 
equations. 
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Solution 8.2 
Step 1: Select a, and B. 














Table 8.3: s, — 20 kPa — 25 KPa, . therefore a, — 1 (AP 
s, = 20 kPa < 35 kPa, therefore a = 1 





B = (1- sin 6, )OCR)^ tan $' 


For OCR - 1 (normally consolidated soil 


Step 2: Calculate Q, using a TSA. 


have a friction pile. 


AK (oiAs 7 NoY'LA, = Nz X (18 — 9.8)10 X 0.126 = 103N, 
Use Janbu’s equation for N,- 
N, 7 (tan 6 * V1 -* tan? 6)! exp(2y, tan $4) 


For ġa = 28° and assuming y, — 7/3 (soft clay), we find 


N, = {tan 28° + V/1 + tan?(28°)}? exp( 2 tan 28°) = 8.4 
QO, = 10.3 X 8.4 = 86,5 KN 


Qun = Q; + Q, = 144.6 + 865 = 231.1 KN 
231.1 
9, - 24. 21i 


* E = 77 kN 
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The load capacity from an ESA is less than that from a TSA. There- 
fore, use the allowable pile load capacity from the ESA, that is, Q, = 
77 KN. z 







EXAMPLE 8.3 






normally consolidated clay (s, — 25 kPa, 2, = 26°, y 
by a deep deposit of overconsolidated clay (s, — 80 
^ac 7 18.5 EN) Groundwater level is at 2 m below 








length of pile sésmired. 











Strategy You are given Q, and FS, = 0, X FS. 
Assume an embedment depth, Ly, into: e for L, since 
you know Q,,. You should const conditions 





and select the value of L, that 









Solution 8.3 


Soft clay 
yz 17.8 kN/m? 


Xa 7 18 kN/m? 


Y, 7 18.5 kN/m? 


FIGURE ES8.3 
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For $' = 5; ^ ^, we find the following: 


Soft clay: B — (1 — sin $5)(OCR)'? tan $4 

= (1 — sin 26°)(1)°° tan 26° = 0.27 
Stiff clay: 8 — (1 — sin 24°)(4)°° tan 24° = 
Perimeter = 2(B + B) = 2(0.3 + 0.3) 
dis = 0.3 X 0.3 = 0.09 m? 






12m 





Calculate the required length using a TSA. 
Soft clay 





Length in soft clay — 5 m 
(Q).on clay ^ C45, X Perimeter X 


Stiff clay 


X 1.2 X 5 2 150 kN 





(Qr )sürr clay - 





Ultimate load capaci 


Qui = 
That ts, 


Solv 


stiff clay ^7 0.53 X (60.6 T 4.3SL4) X 12*X (5 + Li) 
= 2.8(L,Y + 52.4L, + 192.7 


ing resistance in stiff clay 
Using Janbu's equation with $' — $j, — 24? and y, — 7/2 gives 


N, = [tan 24° + V1 + tan*(24°)/? Te tan 2) = 9.6 
(oi), = 2 X 18 + 3(18 — 9.8) + L,(18.5 — 9.8) = 60.6 + 8.7L; 
Q, — N,(o:),A, — 9.6 X (60.6 + 8.7L;) x 0.09 = 52.4 + 7.5L, 
Ultimate load capacity 
Qun = (Qy)sotr ctay + (Qy)sritt ctay + Qp 
That is, 
450 = 65 + 2.8(L,)* + 52.4L, + 192.7 + (52.4 + 7.5L) 
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Rearranging and simplifying, we get 


450 = 2.8L{ + 59.9L, + 310.1 
2.8L7 + 59.9L, — 139.9 = 0 
















Solution is L; — 2.1 m. 
Step 5: Decide on the length required. 
TSA: L, =49m 
ESA: LL, = 2.1m 
Use the larger of the two values, 


Ly = 49m 
Total length = 5 + 


EXAMPLE 8.4 









A pile 450 mm in diameter and 151 
strength of the soil varies linearh 

the allowable pile load c 
and Y. = 17 kN/m?. Gro 





| 0.22y'L = 0.22 * 7.2 * 15 = 23.8 kPa 
able 8.3: fo, — 1 for (s,), « 25 kPa 


Ya = 17 kN/m? 


dile. 
(),2 0.22 y'L 
FIGURE E8.4 
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Consider an element of thickness dz. The surface area is 2ar dz and 
the skin friction is 


L 315 
Q, — 2mra, f (0.224:) dz = 224| 5] = 252 kN 
i 0 


Step X Calculate the end bearing capacity. 


"TXD' mx045 
x Åe 





EXAMPLE 8.5 


A 450 mm diameter pile.is driven 
results are shown in the tat 
factor of safety o 


Deph(m Wh 3 /5 


N (blows 22 25 









wa sand prof 
. Estimate the @ 





to depth of 10 m. The SPT 
owable load capacity for a 








45 





3t blows/m. Use one of the correlations 


rage value of N over the depth. 


_ 22 +18 + 25 + 20 + 30 + 36 _ 


6 d 


N = Nw 


Step 2: Determine the load capacity. 
Skin friction 
Perimeter = 7D = q X 0.45 — 1.41 
Table 8.6: Q; = (A + BN) X Perimeter X Length 


Using Meyerhof's method, A = 0, B = 2. 
Q, = (0 + 2 x 25) x 1.41 x 10 = 705 KN 
End bearing 


aD* -TX 0.45? 


= fi 2 
4 4 0.159 m 


A, = 
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What's next...Piles are rarely used sing 
Next, we will discuss how to determine 


8.7 PILE GROUPS 





Using Table 8.7 and Meyerhof's method, 


Q, — 0.04N 5 A, = 0.4NA,, where N is the SPT value at the base. 















Q, — 0.04 x 36 x ds X 0.159 — 5.09 MN 


Check that Q, =0.4NA,: 0.4NA, = 0.4 x 36 
Qs. 





^. Q, 7 229 MN - 2290 kN 
Qu, = Qs + Q, = 705 + 2290 


_ Qun _ 2995 
Qu = FS 3 





into groups. 









metric patterns i t a spacing, $ (center 
to center distan is the diameter or width of the 
pile). Th j crete pile cap, which may 
or may no . If the pile cap is in contact 






with the gr : ll Be ferred directly to the soil. 








(c) 7 piles—octagonal 


5) 5 piles—circular range 


arrangement 


Pile cap Pile cap 
Diameter or width D Diameter or width D 


bs + H= s — 
(d) Pile cap resting on ground surface (e) Pile cap elevated above ground surface 
FIGURE 8.10 Pile groups. 
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The load capacity for a pile group is not necessarily the load capacity of a 
single pile multiplied by the number of piles. In fine-grained soils, the outer piles 
tend to carry more loads than the piles in the center of the group. [n coarse- 
grained soils, the piles in the center take more loads than the outer piles. 

The ratio of the load capacity of a pile group, (Qun) e total load 
capacity of the piles acting as individual piles (nQ,,,,) is called the efficiency factor, 


Nes that is, 
—. (Qu), 
Em 


of a single pile. The efficiency factor is u 1. However, piles driven 
i il around the piles and n. 













(8.15) 


could exceed 1. 
Two modes of soil failure z ermine the load 

od .11), may occur 

when the spacing of the piles i 
unit. The group load ca 





(Qui); - nQu, (8.18) 


| (Qu, 


( Qui ) gb 





Number of piles 





FIGURE 8.11 Block failure mode. 
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The group efficiency in fine-grained soils is defined as 


"nO c (Quugol (Quien + (NQ) '? (8.19) 


The values of y, to use in determining N, in Janbu's equation depend on 
the s/D ratio and the friction angle. Janbu (1976) showed that 


— 1 * 2sin y, (tan $' + V1 + tan* $’) exp(W,,tan D 









s 
D (8.20) 


The value of y, is not significantly affected by s/D = 2 
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ickness 8 m and are embedded 
N/m?, Ysa — 18.5 kN/nv, 
apacity for a factor of safety of 
WL) is at 2 m below the surface 
anges. 





D=04m; Perimeter = mD = m X 0.4 = 1.26 m; 
aD? 0.4? 
=e = x — = ` 2 
Group: Perimeter = (2s + D) = 4[2(1.2) + 0.4] = 11.2 m; 


Base area = (A,), = (2s + DP = 2.8? = 7.84 m? 
Step 2: Calculate the ultimate load capacity using TSA. 


Single pile: 


TSA —Block Failure Mode 
Soft clay—skin friction 
Table 8.3: «,-7 1 for s, — 20 kPa 
(Q;)sort cay = 0,5, X (Perimeter), X Length 
1 X 20 X 11.2 X 8 = 1792 kN 
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2m 

Soft clay 
6m 
2m Stiff clay 





2.8m 
2.8m 
FIGURE E8.6 
Stiff clay—skin 
Tab 
( 











Stiff clay—end bearing 


stiff clay — 9s Ab), ! 7.84 = 6350.4 kN 
p load capacity 
(Qu (Or)son clay (Op) site clay T (Q,)sin clay 


792 + 1008 + 6350.4 = 9150.4 KN 





Xusu X Perimeter X Length = 1 x 20 x 1.26 x 8 — 201.1 kN 


—skin friction 
(Qy)sir asy = 0.5 X 90 X 1.26 X 2 — 1134 kN 


Stiff clay—end bearing 
(Q,)siitt cay = 95, Ap = 9 X 90 x 0.126 = 102.1 KN 


Single pile load capacity 


Qui = (Qs) son clay »* (Q sut clay + (Q,) seis clay 
Qui = 201.1 * 113.4 + 102.1 = 416.6 kN 


Group load capacity 


Number of piles: n — 9 
(Qui), 9 nQu, ^ 9 X 416.6 — 3749 kN 


396 CHAPTER 8 PILE FOUNDATIONS 


Step 3: Calculate the ultimate load capacity using an ESA. 



















ESA—Block Failure Mode 
Assume GWL will rise to the surface and ) = o{.. 


Table 8.3: B = (1 — sin $,)(OCR)?? tan pi 
Soft clay: y' — 18 — 9.8 2 82 kN/m’? 
Stiff clay: y’ = 18.5 — 9.8 = 8.7 kN 
Soft clay: B = 
Stiff clay: B = (1 — sin 28°) 







Skin friction 


Soft clay: Q; = 0.29 x 8. 
Stiff clay: Q; — 0.63 


End bearing—stif 


Use Jan 


Soft clay: Q, — 8523 x i = 95.9 kN 


Stiff clay: Q, — 1048.6 x c — 118 kN 


End bearing—stiff clay 
0.126 
Qp = 9565.6 x =F = 153.7 KN 
Group load capacity 
Onn = 95.9 + 118 + 153.7 = 367.6 kN 
(Qui), * nQ,, ^ 9 x 376.6 = 3308.4 kN 


Q; = Bo; X (Perimeter), X L; d; i t mid-depth of the layer 
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Step 4: Decide which failure mode and conditions govern. 





Load capacity (kN) 







Analysis Block mode Single pile mode 


TSA 9150.4 3749 
ESA 11466.5 3308.4 


The lowest ultimate load capacity is 3308. 
= (Qui); E 









that is, the ultimate limit state, whic 
yses and design of geotechnical syste 







8.8 ELASTIC SETF "M G 














PILES 
The elastic set ement of a single pile m is on the relative stiffness of the pile 


> pile, the relative stiffness of the 
ength, and the distribution of elastic 
e relative stiffness of the pile to the 
odulus of an equivalent. solid cross 





f the soil at the base ot ti e pile will be denoted by Es. Usually, the secant 
odulus i is i i actice. For short-term loading in fine-grained 









een proposed to calculate the settlement of single 
s (1989) provided an excellent discussion on the var- 


8.12. The deformation mode near the shaft is analogous to simple shear strain 
(Chapter 3), and the shear strain, y.., is 


a audi 


where G is the shear modulus and f, is the skin frictional stress. The shear strains 
can be integrated over the pile length to give the elastic settlement (pes) resulting 
from skin friction; that is, 


1 L 
Pes = Giz) f t(z) dz (8.22) 


where (z) means that the parameter in front of it varies with depth. To solve Eq. 
(8.22), we need to know how G and ^ vary with depth but this we do not know. 
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m 





















FIGURE 8.12 Shear defor friction an mpression from end 


bearing. 





en solve Eq. (822). A 
conditions for a pile problem 
umerical procedures. For 


Therefore, we h 
further complicat 
are compl 
example, 


(8.23) 


ment to solve Eqs. (8.22) and (8.23). Stress 
alf-space were developed by Mindlin (1936). 


(8.24) 


where / is an influence factor and Q, is the design load. An approximate equation 
for / is 


f= O35 + os =) | (8.25) 


(8.26) 





where m is the rate of increase of E,, with depth (units: kPa/m). For soft soils, 
the elastic settlement is 





imn = hb (8.27) 
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where Q, is the design load transferred as skin fi 
that depends on the L/D ratio, and K,, is 
The soil mass under a pile is subje 
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FIGURE 8.13 Influence factor for vertical settlement of a single floating pile. 
(After Poulos, 1989.) 
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Piles in a group tend to interact with each other depending on the spacing 
between them. The smaller the spacing, the greater the interaction and the larger 
the settlement. Pile group settlement is influenced by spacing to diameter (or 
width) ratio (s/D), the number of piles (n) in the group, and the length to di- 
ameter ratio (L/D). For convenience, pile group settlement is re to a single 
pile settlement through a group settlement factor R, defined a 










Settlement of group 


= Settlement of single pile at same i 
An empirical relationship between R, and n (Fleming 


where the exponent ® is between 0.4 and 


8.9 CONSOLIDATION SETTL 
UNDER A PILE GROUP 












Sometimes, a pile group 
sufficient load to it (soft cl 





at a depth of L 
al). The increase in 


(8.34) 


Load transferred to this level 


FIGURE 8.14 Assumed distribution of load for calculating settlement of a pile 
group. 
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where Q,, is the design group load, B, is the width of the group, L, is the length 
of the group, and z is the depth from the load transfer point on the pile group 
to the location in the clay layer at which the increase in vertical stress is desired. 
The primary consolidation settlement is then calculated using the procedure de- 
scribed in Section 4.4. 
















8.10 PROCEDURE TO ESTIMATE SETTLEME 
OF SINGLE AND GROUP PILES 


T 





The procedure to estimate the settlement of single piles and pile groups is: 






1. Obtain the required parameters Q, or Qj, E... and 
2. Calculate the elastic settlement, | 

(8.27) or (8.29). 
3. Calculate the elastic shortening 


a 


single pile using Eq. (8.24) or 


nt of the pile in Example 8.2 using E, = 20 x 10° kPa, 
a design load Q, = 70 KN. 


Strategy s is a straightforward application of the procedure in Section 
8.10. 
Solution 8.7 
Step 1: Determine the influence factor. 
L 40 
D $4 ^ 


Equation (8.25): Z= 0.5 + os(£) = 0.5 + log(25) = 1.9 


E, 20x 10° 
Kj, = — - —— —— - 4000 
"^E. 5000 


From Fig. 8.13, /, = 0.09 for K,, = 4000 and L/D = 25. 
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Step 2: Calculate the elastic settlement. 

















Equation (8.24): Pes = 


of 3 mm. 
Step 3: Calculate the elastic shortening of 


Equation (8.30): p, = 


20 x 10° x,0.126 

278 X 107? mm 
The elastic shortening of the pile is extre S nd can be 
neglected. 










Deter 


Per = Pes 


stimated total elastic st is approximately 3 mm. 


Mh i x 0 
= 409 * 100 = 0.75% 





Dense sand 

y 2 17 kN/m?, y, = 17.5 kN/m? 
$, 7 39*, $;, 2 31* 

E! = 30 MN/mê 

E, = 30,000 MN/m? 


Gravel 


Soft clay 
m, = 3.5 x 10“ m?°/kPa 





FIGURE E8.8 
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Strategy Since the sand is dense, driving of the piles will likely loosen it 
around the piles. You should use b in calculating the pile load capacity. 







Solution 8.8 


Step 1: Determine the geometric parameters and B and Ng: 


L 10 
D -04mp-7g4^?* n — 9 piles, 5 











1 


= m = 
<‘ L— 


Single pile: Perimeter = 7D 


Group piles: L, = B; 
Perimeter for gro 


Table 8.3: 






(Qui); = NQ uh = 9 X 675.1 = 6076 KN 
Determine the block failure mode load capacity by proportion. 


Skin friction: (Qj), = 410.1 x Dx — 3124.6 kN 


End bearing: (Q,), — 265 X D — 12114.3 kN 
Ultimate load capacity: (Q,,), 

| — (Q9, * (Qu),7 3124.6 * 121143 — 15238.9 kN 
Step 4: Calculate the factor of safety. 

The single pile failure mode governs. 


402 CHAPTER8 PILE FOUNDATIONS 


Step 2: Calculate the elastic settlement. 













Equation (8.24); pa = e fs xri x 1. 


= 27 X 10°? m = 2.7 mm 





9 


Equation (8.29); Pe = = i= 


Difference between the two solutions is 0.5 erage value 
of 3 mm. 


Calculate the elastic shortening of t 





Equation (8.30): p, = 


Dense sand. 

y 217 kNim?, ya = 17.5 kNím? 
$; - 39*, 9, 2 31" 

E,» 30 MN/m* 

E, - 30,000 MN/m* 


Soft clay 
m, = 3.5 ~ 107* m^ kPa 
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Strategy Since the sand is dense, driving of the piles will likely loosen it 
around the piles. You should use $< in calculating the pile load capacity. 









Solution 8.8 


Step 1: Determine the geometric parameters and B and 












p sonda m = — 25; n — 9 piles, 5 «1 


D 04 


— 0 Ml 
— 


Group piles: L, = 
Perimeter for grou 





x 10 — 410.1 kN 
N a(o) A, — 22 X 95.6 X 0.126 — 265 kN 
ltimate loa o Qu, 7^ Qr * Q, - 410.1 *- 265 — 675.1 KN 


(Qui), — nQ,, — 9 X 675.1 = 6076 kN 


Step 3: Determine the block failure mode load capacity by proportion. 


Skin friction; (Q,), — 410.1 x m — 3124.6 kN 


5.76 


0.26 ^ 12114.3 kN 





End bearing: (Q,), = 265 x 


Ultimate load capacity: (Q,;), 
- (Q9, - (Q,),7 3124.6 - 12114.3 — 15238.9 kN 
Step 4: Calculate the factor of safety. 
The single pile failure mode governs. 
6076 


“FS = S00 = =2 
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Step 5: Calculate the elastic settlement of the pile. 
Assume the full design load is carried by skin friction and the load is 
equally shared by each pile. 


_ 3000 


Q, = Fue 333.3 kN 












Equation (8.25): For = = 25, 1 =05 + log(25) = 





"RE 
EL 30000 x10 





Equation (8.24): Pes = 








Neglect elastic shortening of the pile 
Assume ® = 0.5. 







nce of 





LES SUE 
VE SK 





Piles located in sé g soil layers (e.g., soft clays or fills) are subjected to negative 
skin friction called downdrag (Fig. 8.15). The settlement of the soil layer causes 
the friction forces to act in the same direction as the loading on the pile. Rather 
than providing resistance, the negative friction imposes additional loads on the 
pile. The net effect is that the pile load capacity is reduced and pile settlement 
increases. The allowable load capacity is given, with reference to Fig. 8.15, as 


_ QO, + Q; 
£ FS 





— Qu (8.35) 


For soft, normally consolidated soils, the negative skin friction is usually calcu- 
lated over one-half its thickness. Negative skin friction should be computed for 
long-term condition; that is, you should use an ESA. 
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FIGURE 8.15 Negative skin friction. 


EXAMPLE 8.9 


Determine the allowable load 
ES8.9. The fill is recent z 






t clay will settle, dragging the 
gative skin friction imposed by the 
> pile would likely loosen the dense 


Steel shells 


ill 
| y = 18.5 kNim? 


Soft, normally 
consolidated clay 

s, 7 30 kPa , $1, = 26° 
Ysu = 17.5 kN/m? 


Sand. 
Ya = 18 kN/m? 
$, 7 36^, qj, = 30° 


FIGURE E8.9 
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Solution 8.9 


Step 1: Determine p, N,, and other relevant parameters. 












L 25 : - - 
551" 62.5; Perimeter = 71D = 0.4m = 1.26 


Clay 
B — (1 — sin $4) tan 6,(OCR)? - (1 — sin 


Sand 


a, Stops at 
. It is unsafe 






to extrapolate results, 
make a conservative esti 


Os)sana + (Qo)sana 1400.5 + 329 
FS — On = 3 118.2 2 4583 kN. a 


8.12 PILE-DRIVING FORMULAS 
AND WAVE EQUATION 





A number of empirical equations have been proposed to relate the energy deliv- 
ered by a hammer during pile driving and the pile load capacity. One of the 
earliest equations is the ENR (Engineering News Record) equation, given as 


Weh 
5, * C, 





Qui = (8.36) 
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TABLE 8.8 Hammer 
























Efficiency 

Hammer type hy 
Drop hammer 0.75-1.0 
Single-acting hammer 0.75-0.85 
Double-acting hammer 0.85 
Diesel hammer 0.85- 1.0 


where Wp is the weight of the ram, A is the height.o 
per blow, and C is a constant. For drop | 
mers, C, = 2.5 mm. The units of k ands same. The ENR equation 
was developed for timber piles using for installation but is used 
to estimate or check the ultimate load. capacity of all types.of piles. Equation 
(8.36) does not account for energ ue | mpression of the 
pile. This equation can be módified t 1; that is, 


; I$ the penetration 
mm; for steam ham- 


(8.37) 


ss wave, which moves 
, the change in force on 
pile to be a rod, is 


EpAp > (8.38) 


| 5, is Young's modulus of the pile, A, is 
e pile, and u is the pile displacement. From Newton's 


"2 
ae odit (8.39) 





E,A, 52 >A, T (8.40) 
which, by simplification, leads to 
(8.41) 
where 
V= - (8.42) 


is the vertical wave propagation velocity in the pile. 
The solution of Eq. (8.41) is found using appropriate boundary conditions 
and can be modified to account for soil resistance. Computer programs (e.g., 
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WEAP) have been developed for routine wave analysis of pile-driving opera- 
tions. These programs are beyond the scope of this book. 

Driving records can provide useful information on the consistency of a soil 
at a site. For example, if the number of blows to drive a pile at a certain depth 











ords and make the necessary adjustments, for example, increase or decrease the 
pile length. 


The essential points are: 
LA number of empirical equations are avail 
load cape cii y from driving records. 
4. Driving records can | provide some 
character of the the soil. at a ile 
3i Careful judg an d sign ifica 











Piles are used to 
foundations. The 
ber. The selection 





pport structural loads t cannot be supported on shallow 
edominant types of pile material are steel, concrete, and tim- 
à pe icular type.c ends on availability, environ- 

. Pile load capacity cannot 











be constructed near a waterfront area as shown in Figs. 

,b. j stigation shows two predominant deposits. One is very soft, 
normally consolidated clay and the other is a stiff, overconsolidated clay. Soil 
data on the two deposits are shown in Fig. E8.10c. Determine the pile configu- 
ration (single or group piles), the pile length, and the expected settlement to 
support a design column load (working load) of 500 kN at A (Fig. E8.10). Timber 
piles of average diameter 0.38 m and average length 18 m are readily available. 
The elastic modulus of the pile is E, — 20,000 MPa. The settlement should not 
exceed 0.5% of the pile diameter. The pile shafts within the tidal zone will be 
treated to prevent rot. From experience on this site, it is difficult to drive piles 
beyond 8 m in the stiff, overconsolidated clay. Driving tends to damage the pile 
head. You should allow for a 0.25 m cut out from the pile head. 


Strategy The very soft silty clay is likely to cause downdrag on the pile. You 
should determine the single pile capacity assuming the full available length of 
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O 
3m $ OR Whart 
O 


Fender piles @ O 
3 m center 


a 





A 
[3] 600 «N 


Plant 






100 m 





(a) Plan 






Tidal fluctuations c m | 








$17 249, X4 - 17 kN/m? 







Su 
OCR = 1 


EL: -10.9 t consolidated clay 





= 32%, w,, = 68%, wp, = 25% 
120 kPa, $;, - 2 Xa 7 18 kN/m? 


5, = 
(E slu = 9O MPa, ‘OCR = 






(c) Borehole #] 


the pile will be used. If a single pile is not capable of carrying the load, then you 
should design a pile group. Use an ESA when you are considering downdrag. 


Solution 8.9 
Step 1: Determine the geometric parameters, a, B, and N,. 


D = 0.38 m; Perimeter = nD = m X 0.38 = 1.19 m; 
nD? ~m X 0.38? 3 
= m 


From borehole #1, the length of pile in soft clay: L, = 7.4 m 
Length of pile in stiff clay: L, = 18 — 7.4 — 3.5 — 0.25 = 6.85 m. 
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The value 0.25 m is the cut-off length from the pile head and 3.5 m is 
the distance from the finished elevation to the surface of the soft soil. 


Soft clay, Table 8.3: 8 — (1 — sin 24^) tan 24*(1)'? — 026 
Stiff clay, Table 83: B = (1 — sin 25?) tan 25*(8)'? 


Assume y, — 7/2. Then 
N, = [tan 25° + V/1 + tan?(25°)]? exp(2 = 











Ont = 0.27 x 13. 


Determine the | 





_ 504.3 + 132.4 B 


3 31.6 — 180.6 kN 


. 4.6000 _ 
Number of piles required — 1806 ^ 3.3 


Try 4 piles in a 2 X 2 matrix at a spacing of 1 m: 


S 1 

D = 038 = 2.6 

B= L=st+ D= 1 +038 = 138m; 

Perimeter — (1.38 - 1.38) x 2-2 $.52m; Ap = 1.38? = 1.9 m? 
Soft clay. Q, — 027 X 13.3 X 5.52 X 7.4 — 146.7 kN 

Stiff clay: (Qj), — 0.76 x 81.4 x 5.52 x 6.85 — 23392 kN 


Stiff clay: (Q4), » 10.7 x 109.5 x 1.9 = 2226.1 kN 
Step 6: Calculate the allowable load capacity for block failure mode. 


+ 2+ 
(Ope = AE "- One = eset — 146.7 = 1375 kN 
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Step 7: Calculate the allowable load capacity for single pile failure mode. 
n — 4 piles 
(Q.), = NQ, = 4 X 180.6 = 722.4 kN 


Therefore, a 2 X 2 pile group is adequate. Single pile failure mode 
governs the design. 














Step 8&: Calculate the settlement. 
Assume the full design load of Q, = 600 k 
friction (floating pile) within the stiff clay 


Load per pile (Q,,) — 


get 





= I = = 0.4 mm 
(Ekla ^ 








Pes 


1075 m — 0.2 mm 





Soft clay 
s, 2 30 kPa, y - 17 kN/m? 
$4, = 30°, OCR = 1.2 


Stiff clay 
s, = 60 kPa, y, = 18 kN/m? 


¢:,= 24°, OCR=4 


FIGURE P8.1 
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Determine the allowable load for a pile, 0.4 m in diameter, driven 20 m into the soil profile 
shown in Fig. P8.2. Groundwater is at 2 m below the surface but you can assume it will! 
rise to the surface. A factor of safety of 3 is required. 






rmall li 


5, = 15 kPa, y= 18 kN/m? 


$ = 25° Q 
Stiff clay 

$, 7 65 kPa, y= 18.5 kN/m? 

$,223*, OR « 5 

Sand. 

Ya = 17.5 kN/m?, 9), — 32? 


2 m into the soil strata shown 
of safety of 3. Owing to 
more load. Determine the 











FIGURE P8.2 





5, = 100 kPa, Yu = 18.5 kN/m?, 9;, 2 25*, OCR 2 4 


FIGURE P8.3 


Estimate the allowable load capacity of a 0.5 m diameter pile embedded 17 m in the soil 
profile shown in Fig. P8.4. The factor of safety required is 3. The N values are blows/ft 
(blows/0.31 m). 
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Depth (m) | N values 


Sand 10 









/ 20 
FIGURE P8.4 
8.5 The soil profile at a site for an of: 


allowable load for a drive 
of 3 is required. 





B.6 A soil profile consists of 3 m of a loose fill (di = 15*, y,4 — kN/m?) over a stratified 
overconsolidated clay. The shear strength of the overconsolidated clay increases linearly 
with depth. At the top of the clay, s, — 90 kPa and at a depth of 20 m (17 m into the 
clay), s, = 180 kPa. The critical state friction angle is @{, = 28°, OCR - 8 and Ysa = 18 
kN/m*. Determine the ultimate load capacity of a drilled shaft (bored pile) 1 m in diameter 
embedded 18 m into the clay. Groundwater is at 8 m below the ground surface. You may 
assume that the soil above the groundwater level is saturated. 


8.7 Estimate the allowable load capacity of a 3 X 3 pile group. Each pile has a diameter of 
0.4 m and is driven 15 m into a soft clay whose undrained shear strength varies linearly 
with depth according to s, — 0.25 o;. The critical state friction angle is 30° and Ysa = 
17.5 kN/nv. The spacing of the piles is 1.5 m. Groundwater level is at ground surface. A 
factor of safety of 3 is required. 
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Practical 


The soil profile and soil properties at a site are shown in the table below. A group of 12 
concrete piles in a 3 X 4 matrix and of length 12 m is used to support a load. The pile 
diameter is 0.45 m. Determine the allowable load capacity for a factor of safety of 3. 
Calculate the total settlement (elastic and consolidation) under the allowable load. As- 
sume E,= 20 x 10° kPa. 














Depth (m) Type of deposit Soil test res 


0-3 Sand y = 17 kN/m?, à; 
3-groundwater level EL, = 19 MN/m? 
3-6 Sand yaa = 17.3 


6-15 Clay 





kk N/m?*, v' — 
15-17 Soft clay += 18 kN/m?, bi, = 24° 







E:., = 10 MN/m?, ve= 0.3 

















9.0 





"INTRODUCTION 













Many catastrophic failures in geotechni 1cal engine« ing instability of 
soil masses due to groundwater flow e lost s are damaged 
or destroyed, and major economic losses, occur. | is cl ou will study 


the basic principles of two-dimensional fic r thi S. The topics 


technical systems where gr 
in this chapter is on gaining 






Fas d a 1 Ww am acd m E 
Ate HOW under and 
Leld, mr dll Naot: Wry aa ate om EE 


veo tl 








he-fa 
Lanics: 


You 
your cou 


vill usé 9wing principles learned from previous chapters and 


in me 






* Statics 
* Hydraulic gradient, flow of water through soils (Chapter 2) 
* Effective stresses and seepage (Chapter 3) 


Sample Practical Situation A deep excavation is required for the con- 
struction of a building. The soil is a silty sand with groundwater level just below 
ground level. The excavation cannot be made unless the sides are supported. 
You, a geotechnical engineer, are required to design the retaining structure for 
the excavation and to recommend a scheme to keep the inside of the excavation 
dry. Figure 9.1 shows the collapse of a sewer and a supported excavation by 
seepage forces. You should try to prevent such a collapse. 
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FIGURE 9.1 Damage of a braced excavation by seepage forces. (Courtesy of 
George Tamaro, Mueser Rutledge Consulting Enaineers.) 


9.1 DEFINITIONS OF KEY TERMS 





Equipotential Tine.is.a line representing constant head. 
Flow line is the flow path of a. particle Ofwater. 
Flaw net is a graphical representation of a flow field. 


Seepagestress is the stress (similar to frictional stress in pipes) imposed on a soil 
as water flows through it. 


Static liquefactión 1s the behavior of a soil as a viscous fluid when seepage re- 
duces the effective stress-to-Zero. 


9,2 QUESTIONS TOGUIDE YOUR READING 





L. What is the governing equation for two-dimensional flow and what are the 
methods adopted for its solution for practical problems? 


2. What are flow lines and equipotential lines? 
3. What is a flow net? 

4. How do I draw a flow net? 

5. What are the practical uses of a flow net? 
6. What is the critical hydraulic gradient? 


7. How do I calculate the pore water pressure distribution near a retaining 
structure and under a dam? 


8. What are uplift pressures and how can I calculate them? 
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9. What do the terms static liquefaction, heaving, quicksand, boiling, and pip- 
ing mean? 
10. What are the forces that lead to instability due to two-dimensional flow? 


11. How does seepage affect the stability of an earth retaining structure? 







9.3 TWO-DIMENSIONAL FLOW OF WATER 
THROUGH POROUS MEDIA 












uation. Flow of water 
of current in ho- 
quation for two-dimen- 


The flow of water through soils is described by Lapla 
through soils is analogous to steady state 
mogeneous conductors. The popular fo 
sional flow of water through soils is 





(9.1) 
where H is the total head anc rmeability in 
the X and Z directions. >'Syequati n that the 
changes of hydraulic gr i i 
other directions. 

(9.2) 


any differential equation requires knowledge of the bound- 
ary conditio oundary conditions for most *'real" structures are complex, 
so we cannot obtain an analytical solution or closed form solution for these struc- 
tures. We have to resort to approximate solutions, which we can obtain using 
numerical methods such as finite difference, finite element, and boundary ele- 
ment. We can also use physical models to attempt to replicate the flow through 
the real structure. 

In this chapter, we are going to consider two solution techniques for 
Laplace's equation. One is an approximate method called flow net sketching; 
the other is the finite difference technique, which you have encountered in Chap- 
ter 4. The flow net sketching technique is simple and flexible and conveys a 
picture of the flow regime. It is the method of choice among geotechnical engi- 
neers. But before we delve into these solution techniques, we will establish some 
key conditions that are needed to understand two-dimensional flow. 

The solution of Eq. (9.1) depends only on the values of the total head within 
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the flow field in the XZ plane. Let us introduce a velocity potential (£), which 
describes the variation of total head in a soil mass as 


E (9.3) 


where k is a generic coefficient of permeability. The velocities o in the X 


and Z directions are 




















EH uL e (9.4) 


(9.5) 
The inference from Eqs. (9.4) and (9. 
normal to lines of constant total head (al 


equipotential lines) as illustrated in Fig. 9. 
of decreasing total head. The head differe 


equipotential lines. These t 
9. 2). A flow line Wed t 


function are 


(9.6) 


(9.7) 


Flow channel 


Streamline or flow line 


AA = head loss or 
L potential drop 


h 


V 


Constant total head or 
h+ ŽAR equipotential line or a line of 
constant piezometric head 


FIGURE 9.2 Illustration of flow terms. 
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Since flow lines are normal to equipotential lines, there can be no flow 
across flow lines. The rate of flow between any two flow lines is constant. The 
area between two flow lines is called a flow channel (Fig. 9.2). Therefore, the 
rate of flow is constant in a flow channel. 








The essential points are: 
1. Streamlines or flow lines represent flo 
2. The area between two flow lines is 









What's next...The flow conditio i inethe ection allow us 
to use a graphical method to tio! /O-dime | problems. In the 
next section, we will descri Yet : i uidance in interpreting 
a flow net to determine flo oils, t istribution of pore water pressures, 
and the hydraulic.gradie 
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9.4 FLOW NET, SKETCHING 


. 1.1 Criteria f 


low net is a 
equation and 








nw Flow Nets 







sentation of a flow field that satisfies Laplace's 
tly of flow lines and equipotential lines. 





2. Flow lin 
3. The area between flow lines and equipotential lines must be curvilinear 
squares. A curvilinear square has the property that an inscribed circle can 
be drawn to touch each side of the square and continuous bisection results, 
in the limit, in a point. 
. The quantity of flow through each flow channel is constant. 


st intersect equipotential lines at right angles. 


4 
5. The head loss between each consecutive equipotential line is constant. 
6. A flow line cannot intersect another flow line. 

7 


. An equipotential line cannot intersect another equipotential line. 


An infinite number of flow lines and equipotential lines can be drawn to 
satisfy Laplace's equation. However, only a few are required to obtain an accu- 
rate solution. The procedure for constructing a flow net is described next. 
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€ : 
Leig Sheet pile 
= wall 





se water can flow along these in- 
terfaces are equipotential lines 


he flow lines and equipotential lines to make 
should check that the average width and the av- 


—— ag LR - 


FIGURE 9.4 Flow net under a dam with a cutoff curtain (sheet pile) on the 
upstream end. 
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Drainage 
blanket 








Concrete 


Drainage pipe 
FIGURE 9.5 Flow net in the backfill g. wall with a vertical drainage 


blanket. 
tely equal. Aon sketch the 


us 
und 









aplace’s equation. For example, the 
the sheet pile in Fig. 9.3 does not 






tial nor 
elevation he 


w line. The total head along the boundary AB is equal to the 


9.4.3 Anisotropic Soil 


Equation (9.1) is Laplace’s two-dimensional equation for anisotropic soils (the 
permeabilities in the X and Z directions are different). Let us manipulate this 
equation to transform it into a form for which we can use a procedure similar to 
the one for isotropic soils to draw and interpret flow nets. Put C = Vk,/k, and 
Xx; = Cx. Then 


OX, 
Ox 
aH @H ax H 

OX, c?” 


OX Ox, Ox OX, 
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and 


PH (PH 


ax* ax? 













Therefore, we can write Eq. (9.1) as 


which simplifies to 
(9.8) 
flaw net sketching described for isotropic 


V klk, That is, you must draw thes 
horizontal distances by V'k,/k,. 


@ 9.5 INTERPRETATION OF FLOW.NET 


9.5.1 Flow Rate 


Let the total hea 
between t 







be AH, that is, the difference 
elevation. Then the head loss 
=ntial lines 1s 





loss across the flow domain 
Jownstream water leve 
consecutive pair of equipo 















(9.9) 


tial drops, that is, the number of equipo- 
— 8 m and N, — 18. From Darcy’s law, 


E duet ug SES (9.10) 


where b and L ned as shown in Fig. 9.3. By construction, b/L — 1, and 
therefore the total flow is 


(9.11) 





where Np is the number of flow channels (number of flow lines minus one); in 
Fig. 9.3, N; = 9. The ratio N;/N, is called the shape factor. Finer discretization 
of the flow net by drawing more fiow lines and equipotential lines does not sig- 
nificantly change the shape factor. Both N; and N4 can be fractional. In the case 
of anisotropic soils, the quantity of flow is 


(9.12) 








9.5 INTERPRETATION OF FLOW NET 423 


9.5.2 Hydraulic Gradient 


You can find the hydraulic gradient over each square by dividing the head loss 
by the length, L, of the cell; that is, 


(9.13) 














You should notice from Fig. 9.3 that L is not constant. Lherefore, the hy- 
draulic gradient is not constant. The maximum hydraulic gra curs where 
L is a minimum; that is, 


(9.14) 
where Lmin is the minimum length of the the flow domain. pem 


9.5.3 Static Liquefac 
and Piping 





r the downstream end of 
is element is upward. 


(9.15) 


he effective stress is zero is called 
as boiling, quicksand, piping, and 


surface ‘‘pipe-shaped”’ erosion that initiates 
structures. High localized hydraulic gradient 


eaving occurs when seepage forces push the bottom of an 
. A structure founded on a soil that statically liquefies will 
collapse. Liquefaction can also be produced by dynamic events such as 
earthquakes. 


9.5.4 Critical Hydraulic Gradient 


We can determine the hydraulic gradient that brings a soil mass (essentially, 
coarse-grained soils) to static liquefaction. Solving for i in Eq. (9.15) when o! = 


0, we get 
Ty -r.($-1.9-! 
id Yw 
















us l+e lt+e (9.16) 





where i. is called the critical hydraulic gradient, G, is specific gravity, and e is 
the void ratio. Since G, is constant, the critical hydraulic gradient is solely a 
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function of the void ratio of the soil. In designing structures that are subjected 
to steady state seepage, it is absolutely essential to ensure that the critical hy- 
draulic gradient cannot develop. 














9.5.5 Pore Water Pressure Distribution 


The pore water pressure at any point j is calculated as fol 


1. Select a datum. Let us choose the downstream the datum 
(Fig. 9.3). 

2. Determine the total head at j: H; = 
number of equipotential drops at poi 


ample, at B, Hg = AH — 16.5 Ah. 
3. Subtract the elevation head at 

pressure head. For point B 

is below the datum). The pre 


here (N4); is the 
fractional. For ex- 


For point B, (h,)s — 
. The pore wa essu 







(9.18) 


(9.19) 





Ax 
erem ES 
odd even 


i3 


(9.20) 





EXAMPLE 9.1 


An excavation is proposed for a site consisting of a homogeneous, isotropic layer 
of silty clay, 12.24 m thick, above a deep deposit of sand. The groundwater is 2 m 
below ground level (see Fig. E9.1). The void ratio of the silty clay is 0.62 and its 
specific gravity is 2.7. What is the limiting depth of the excavation to avoid 
heaving? 
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FIGURE E9.1 






Strategy Heaving will occur if i > i 
the void ratio given and then find 
reached. 


al hydraulic gradient from 
ich this hydraulic gradient is 





Solution 9.1 
Step 1: Calculate i.r 


Step 2: Dete 


D =A12.24 + 2) — h = 14.24 — 5.97 = 8.27 m c 





EXAM 


A dam, sho ig. E9.2a, retains 10 m of water. A sheet pile wall (cutoff 
curtain) on the upstream side, which is used to reduce seepage under the dam, 
penetrates 7 m into a 20.3 m thick silty sand stratum. Below the silty sand is a 
thick deposit of clay. The average coefficient of permeability of the silty sand is 
2.0 x 10~* cm/s. Assume that the silty sand is homogeneous and isotropic. 


9.2 


(a) Draw the flow net under the dam. 
(b) Calculate the flow, g. 


(c) Calculate and draw the pore water pressure distribution at the base of the 
dam. 


(d) Determine the uplift force. 


(e) Determine and draw the pore water pressure distribution on the upstream 
and downstream faces of the sheet pile wall. 
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Clay (impervious) 
FIGURE E9.2a 


(f) Determine the resultant lateré 


.4 to draw the flow net 


a, AB and EF are permeable boundaries 
tential lines. BCIJDE and GH are 


Ww net. 

ree flow lines and then draw a suitable number of 
lines. Remember that flow lines are orthogonal to 
equipotential lines and the area between two consecutive flow lines 
and two consecutive equipotential lines is approximately a square. 
Use a circle template to assist you in estimating the square. Adjust/ 
add/subtract flow lines and equipotential lines until you are satisfied 
that the flow net consists essentially of curvilinear squares. See sketch 
of flow net in Fig. E9.2b. 


Step 4: Calculate the flow. 
Select the downstream end, EF, as the datum. 
AH = 10m 
Na = 14, Ny = 4 


Ny s 4 à 
Equation (9.11): q = k AH x 2 X 107? x (10 x 10?) x Mt 0.057 cmr'/s 
d 
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4 


båse of the dam. 
ber of equal intervals. Let us 








water pres 
nto a convenien 
; that is 


tn 















Determine th e water pressure at each nodal point. Use a table 
for conveniénce etter yet, use a spreadsheet. 





calcu 
pr m 


ion in the table below was done using a spreadsheet 





Flow under a dam: AA — 0.714 m 


Parameters Under base of dam 


x (m) 0 3.06 6.12 9.18 12.24 15.3 18.36 21.42 2448 27.54 30.€ 
Naim) 5.60 580 620 690 740 800 880 940 1030 11.10  12.5C 
Na âh (m) 4.00 4.14 443 493 528 571 6.28 6.71 735 7.93 8.9: 
h: (m) -2.40 -2.40 -2.40 -2.40 -2.40 -2.40 -2.40 -2.40 -2.40 -2.40 -2.4C 
h;(m)  AMH- N,5h— h,| 840 826 7.97 7.47 712 669 612 569 505 447 3.4€ 
u (kPa) 7 hoy, 823 809 78.1 732 69.7 655 599 à 557 494 439 34.1 


Plot the pore water pressure distribution. See Fig. E9.2c. 
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FIGURE E9.2c 





Step 6: Calculate the uplift force. 
Using Simpson's rule [FE 


e greater the accuracy. Only one 
ck face of the wall because there are no 
meet there. Use a spreadsheet to compute the 
ibütion and the hydrostatic forces. The 





Parameters 


2 (m) 7.00 
Na (rm) 5.00 
Na åh {m} 3:57 
h, (m) —9.40 
haim) = AH - Nah- h; 15.83 
Uu (kPa) 7 hey, 155.1 





Front Back Difference 





P, IkKN/ m) 1011.7 830.9 180.8 
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u (kPa) u (kPa) 
00 | 180 200 





Depth (m) 


i 
0 
] 
e 
3 
4 
9 
6 pio: 
7 

(d) 


FIGURE E9.2 Pore water pressure distributior 
of wall. 







ant of Wall and (e) at back 






nt. 


Step 8: Determine the maximum hyd 
| it. By measurement, 


In Chapter 4, we used the finite difference technique to solve the governing one- 
dimensional partial differential equation to determine the spatial variation of 
excess pore water pressure. We will do the same to solve Laplace's equation to 
determine two-dimensional confined flow through soils. Let us consider a grid of 
a flow domain as shown in Fig. 9.6, where (i, j) is a nodal point. 

Using Taylor's theorem, we have 


&H CH k., 
x ar + k: az T Ax? (Risi. + hia, 4 2h, ;) 


k, 
Ann thua 72h) 20 (921) 


k 
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FIGURE 9.6 A partial grid XU v.domain. 


Let a = k,/k, a iz fie. low domain into a square 


(9.22) 


(9.23) 


cannot cross impermeable boundaries and, there- 
»able surface, 
öh 


a =0 (9.24) 





The finite difference form of Eq. (9.24) is 


225 Di j+l (9.25) 





— hy j=1) = 0 


Therefore, 5h; 4, — h, ,., and, by substitution in Eq. (9.22), we get 


hij = (hisi; + hi-1,; + 2h, j-1) (9.26) 


Various types of geometry of impermeable boundaries are encountered in 
practice, three of which are shown in Fig. 9.7. For Figs. 9.7a,b the finite difference 


equation is 
hiş = 3(Aisr.y + Ai jr) (9.27) 
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that is, y, replaces A in t 
are specified rather. than 
The horiz 












k, 
IAr (Risi 2 hi4, j) | (9.31) 
K-1 
hiria ht 2, (AR; — Rh) t huak— hu) (9.32) 
f= i+ 





The procedure to determine the distribution of potential head, flow, and 
pore water pressure using the finite difference method is as follows: 


1. Divide the flow domain into a square grid. Remember from Chapter 4 that 
finer grids give more accurate solutions than coarse grids, but are more 
tedious to construct and require more computational time. If the problem 
is symmetrical, you only need to consider one-half of the flow domain. For 
example, the sheet pile wall shown in Fig. 9.8 is symmetrical about the wall 
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-— — — 


-—— — E 







Equipotential boundary 


ample, if D is the thickne 
width. of the left half of tae 


3. Determine 
example, t 
Therefore, 






ry AB (Fig. 9.8) is AH. 
ve a constant head of 












ble bound 
ou should use E 





where the heads are known. 


new value at a node differs from the old value by 
tolerance, for example, 0.001 m. 


and calculate the flow, g, using Eq. (9.32). It is best to calculate g’ = q for 
a unit permeability value to avoid too many decimal points in the 
calculations. 

8. Repeat items 1 to 6, to find the flow distribution by replacing heads by flow 
q'. For example, the flow rate calculated in item 7 is applied to all nodes 
along AC and CF (Fig. 9.8). The flow rate at nodes along BE is zero. 


9. Calculate the pore water pressure distribution by using Eq. (9.29). 


A spreadsheet program can be prepared to automatically carry out the above 
procedure. However, you should carry out **hand" calculations at selected nodes 
to verify that the spreadsheet values are correct. 
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EXAMPLE 9.3 


Determine the flow under the sheet pile wall (Fig. E9.3a) and the pore water 
pressure distribution using the finite difference method. 






— — T 


— a e —— — 


— 






Silty sand 
k=2x10%c 




















FIGURE E9.3a 


Strategy Us readsheet and follow th s ir Section 9.6. 
Solution 
iffer olution is she ble E9.3 and in Fig. 9.3c. 
i : , a grid 





2mx2m grid 
FIGURE E9.3b 


TABLE E9.3 


| jAjsjcipnjejrjgaj|nuj|r|[J]Kk]|t|MjN 
ER Example 9.3 

EJ Flow under a sheet pile wall using finite difference method 

4m 











1m 
| 8 |AH 3m 
6m 
12m 
WE Cell size 2m 
0.0002 cm/s 
Equipotentials 


epn ee Le eS eee 
ANNE ;$00 a00 | 300 | 300 



















39.2| 39.2 


AE EEE Ee 
78] rra Tha] 70 veo | 76.1) 754| 745| 734, 719) 708 
soos | gsthes4\gsof osa] sar saa] s26 s07] sni 6s 

pana end Da wma | sad m 
mme [urs vase uns 


ENEZ 
| 2,0584 


E 
AL 





PN 


q' (upstream) = 1.63 m?/s per value unit of k 
q’ (downstream) = 0 


158| 1.54 | 1.49 | 1.43 | 135 | 126 | 1.14 | 1.00 | 0.81 | 0.58 | 0.31 | 0.00 | 


rss [1.51] 145 | 139 | 131] 121 | 1.07 | 090 | 0468 | 0:38 | 0.00. 
1.56 | 1.53 | 1.48 | 1.43 | 1.37 | 1.28 | 1.17 | 1.03 | 0.83 | 0.53 | 0.00 | 


Pto [ae [am | sef tss | 1 [ o | [20 [an [2e 
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Pore water pressure (kPa) 





A Co N 


Depth of sheet pile (m) 


o 





eo 







M 








ermeable boundaries—B13 to B18 (corresponding to AE), 
(corresponding to ED), and N13 to N14 (corresponding to 
ply Eq. (9.26). You should note that some nodes (e.g., B18) 
are common. Apply Eq. (9.22) to all other cells except cells with 
known heads. 

Carry out the iterations. 

In Excel, go to Tools — Options — Calculation. Select the following: 


(i) Automatic. 
(ii) Iteration, insert 100 in Maximum Iterations and 0.001 in Maximum 
change. 
(iii) Under Workbook Options, select Update remote reference, save 


external link values, accept labels in formulas. You can then click 
on Calculate Now (F9) or Calc.sheet. 
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Step 7: Calculate q. 
Use Eq. (9.32) to calculate g’ for a unit value of permeability. In the 
spreadsheet for this example, q' is calculated in cell C20 as 


1(B13 - Bl5) + N13 - NLS + 2) * (SuM(CI3:M13) 
- e x SUM(CI5:M15)Y/Uu 


The actual value of q is 


q — kq' = 1.62 X 2 X 107* x 107? 
— 32 x 1075 m/s — (10^? is used to 













Step 8: Calculate the flow for each cell (flow lines). 
In cells B36 to B42 (corresponding t 
(corresponding to ED), copy q'. T 


N40 to N41. Apply Eq. (9.23) to 


known values of q'. Carry € 
Step 9: Calculate the pore wate 


shown in Fig. E9. 








@ 9.7 FLOW THROUGH EAF 
Flow through eart nost an import 







sideration. We need to en- 
ami end of the dam will not lead 


hreatic surface is called the basic parabola. Recall 
at the basic property of a parabola is that every 








Directix 


FIGURE 9.9 Phreatic surface within an earth dam. 





9.7 FLOW THROUGH EARTH DAMS 437 












the upstream slope at the water surface. From the basic property of a parabola, 
we get 


2f = VE +H? -b (9.33) 


The equation to construct the basic parabola is 











Vx? + z? =x+ 2f 


Solving for z, we obtain 
or 


Since H and b are known from the geom 
be constructed. We now have 


no denim 
that Dupuit 
slope, dz/dx, 


across 





(9.36) 
d across GN is 
, dz 
— (a sin B X 1)k a (a sin B)k tan p (9.37) 
ndition at sections KM and GN, q&4 = den; that is, 
dz 
zk ix — -— (a sin B)k tan p (9.38) 
which simplifies to 
Z E a sin B tan B (9.39) 


dx 


We now integrate Eq. (9.39) within the limits x, = a cos B and x, = b, z,; = 
a sin B and z; — H. 


H b 
| z dz = a sin B tan B dx 


a sin a cosp 


.. H? — a? sin? B — a sin B tan B(b — a cos B) 
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B (degrees) 
FIGURE 9.10 Correction factor for downstream 





Simplification leads to 


E 
a = a a 2. cot' (9.40) 
cosG  wcosp ^sin*8 cos t- : 


Casagrande (1937) produced a c , relating AalL (see Fig. 9.9 for defini- 
tions of Aa and L) with diffëre of B, as show ig. 9.10. 


The flow through.the dà; is obtained by suübstitutir 9.40) into Eq. 
(9.37), giving 




















CC 






















Because the exit hydr@ulic gradient is often large, drainage blankets are 
J at the downstream end c S to avoid piping. Figure 9.11 shows a hori- 


4l drainage blan the toe of.dn earth dam. Seepage is controlled by the 
adation of the coarse-grained soils used for the drainage blanket. The phreatic 
rface for dams with ge blankets is forced to intersect the drainage blanket 
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FIGURE 9.11 A horizontal drainage blanket at the toe of an earth dam. 
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and does not intersect the downstream face of the dam. Therefore, no correction 
to the basic parabola is required on the downstream end of the dam. 
The flow through the dam is 


dz 
= | — Ak — 
q = Aki 
















where dz/dx is the slope of the basic parabola and the are = FJ X 1 (Fig. 
9.11). From the geometry of the basic parabola, FJ —.2f a e slope of the 
basic parabola at J is, from Eq. (9.34), 
e Lad. 
dx 2 > 
Therefore, the flow through a dam withé i | drainage blanket is 
(9.42) 






The procedure to dra c surface within am, with ref- 


erence to Fig. 9.9, is as follows: 





rom the bottom of 
int B where the waterline 





NN cos BVD? — H* cot B; B = 30°. 


cos B 





a= 


For B > 30°, use Fig. 9.10 and (a) measure the distance TF, where T is the 
intersection of the basic parabola with the downstream face; (b) for the 
known angle B, read the corresponding factor Aa/L from the chart; and 
(c) find the distance a = TF(1 — Aa/L). 


10. Measure the distance a from the toe of the dam along the downstream face 
to point G. 

11. Sketch in a transition section, GK. 

12. Calculate the flow using q — ak sin B tan B, where K is the coefficient of 
permeability. If the downstream slope has a horizontal drainage blanket as 
shown in Fig. 9.11, the flow is calculated using g = 2fk. 
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9.8 SUMMARY 





most cases, the use of a spreadsheet or a co 
tures embedded in soils could occur if th mu 
the critical hydraulic gradient. 

Practical Example 


The flow of water through soils is a very important consideration in the analysis, 
design, and construction of many civil engineering systems. The governing equa- 
tion for flow of water through soils is Laplace" S equation. In thi chapter, we 













other. From the flow net, we can calculate the flow rat 
pore water pressures, seepage forces, and the — 
other type of solution is based on the finite “A 


EXAMPLE 9.4 







within it will be 
~* cm/s and (b) the 
e sand is 0.59. 


FIGURE E9.4 
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There was a long delay before construction began and a 100 mm layer of 
silty clay with k = 1 X 10 5 cm was deposited at the site. What effect would this 
silty clay layer have on the factor of safety against piping? 











the maximum 
e presence of the 
consequently the 


Strategy ‘The key is to draw a flow net and determine whet 
hydraulic gradient is less than the critical hydraulic gradient, 
silty clay would result in significant head loss within it, 
factor of safety against piping is likely to increase. Sine 
metrical about a vertical plane, you only need to draw 
of the cofferdam. 









Solution 9.4 


Step 1: Draw the cofferdam to scale.ánd 
See Fig. E9.4b. 


Step 2: Determine the flow. 








sider the one-dimensional flow in the flow domain, as shown in 
Fig. E9.4c. The head loss through 9 m of sand (6 m outside and 3 m 
inside of excavation) is 6 m in the absence of the silt layer. Let us find 
the new head loss in the sand due to the presence of the silt layer. 


From Darcy's law and the continuity condition: Ksana isma = Kain Lh 





Ahn Ahi 
or Kean —— — ls 
: La d m Len 
Therefore. 
€ 109 x-9AR.. 
Mica = LES SA sn OIA 





1x10 x 0.1 
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Water 


Silty clay 
























Sand 
FIGURE E9.4c 
But Ahang +t Ahin = 6 m; that is 
3.16 m. Therefore, 
Thus, the maximum h ient would be r E 
EXERCISES 
Theory 





9.1 Derive a relationship 







the critical radient, i.,, and porosity, n. 


Problem v 








eet pile wall,supporting 6 m’of water is shown in Fig. P9.2. 


Impervious layer 


FIGURE P9.2 


(a) Draw the flow net. 
(b) Determine the flow rate if k = 0.0019 cm/s. 


(c) Determine the pore water pressure distributions on the upstream and downstream 
faces of the wall. 
(d) Would piping occur if e = 0.55? 
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9,3 Repeat Exercise 9.2 using the finite difference method. 


9.4 The sheet pile wall supporting 6 m of water has a clay (almost impervious) blanket of 3 
m on the downstream side, as shown in Fig. P9.4. 

















Impervious layer 
FIGURE P9.4 
(a) Draw the flow net. 
(b) Determine the flow rate if k — 0.0019 cm/s: 
(c) Determine re wáter pressure distributi on the upstream and downstream 
ur if e — 0.55? 
wn in Fig. P9.5. The dam is supported 


Impervious clay 


FIGURE P9.5 


(a) Draw the flow net under the dam. 
(b) Determine the pore water pressure distribution at the base of the dam. 


(c) Calculate the resultant uplift force and its location from the upstream face of the 
dam. 


CHAPTERS TWO-DIMENSIONAL FLOW OF WATER THROUGH SOILS 


Draw the phreatic surface for the earth dam shown in Fig. P9.5, Determine the flow rate 
within the dam, if k — k, — 1 X 1075 cm/s. 


Draw the phreatic surfaces and determine the flow rates with and without the drainage 
blanket for the dam shown in Fig. P9.7. The coefficient of permeability of the clay is k = 
k, — 0.0000012 cm/s. 





— — Á m 


Gravel drainage blanket 









FIGURE P9.7 


Practical 













Borings at a site f m of coarse-grained soil 
below an 8 m thick an d clay. The water-bearing stratum 
below the head is 1 m. One preliminary 
design pro insert two trenches, .8, to reduce the excess head. 





Draw the flo determine the flow gate i ach of the trenches, if k = k, = 1 X 


107$ cm/s. 





Sand and gravel” 2 7 7 A, 


. = ' 
i es J 

> * 
FIGURE P9.8 
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9,99 A retaining wall has a vertical drainage blanket (Fig. P9.9). After a heavy rainfall, a steady 
State seepage condition occurs, Draw the flow net and determine the pore water pressure 
distribution acting on a potential failure plane AB. The coefficient of permeability is 
1.8 X 107^ cm/s. 







jj Drainage blanket / 


Drainage pipe 





FIGURE P9.9 


CHAPTER 10 


STABILITY OF EARTH 
RETAINING STRUCTURES 













10.0 INTRODUCTION 








structures have the distinction of being 
(remember we mentioned Coulomb’ 


some typical earth retaining str 
will be on gaining an understanding 
ods of analysis of simple eg 

You should recall that 
system will not fail o ic and dynamic 
loads, fluid press ith ultimate limit 
state but serviceability limit state 1 i ny circumstances, the 
serviceability limi i idi esign limit state. The methods of analyses 
that we are.going i ider the iceability limit state. The 
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You^WIlll use the: following principles learned from previous chapters and 
your courses irt mechanics: 


* Static equilibrium 

* Effective stresses and seepage (Chapter 3) 

* Mohr's circle (Chapter 3) 

* Shear strength (Chapter 5) 

* Two-dimensional flow of water through soils (Chapter 9) 


Sample Practical Situatiom A retaining wall is required around a lake. 
You, a geotechnical engineer, are required to design the retaining wall. An ex- 
ample of a retaining structure in a waterfront area is shown in Fig. 10.1 
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FIGURE 10.1 A flexi 
permission from desi 
6 Storey's Gate, Londo 


retaining | 
ing walls embe 
(1984).) 


in stiff clays, (R104), CIRIA, 





Mechanical stabilized earth is a gravity type retaining wall in which the soil is 
reinforced by thin reinforcing elements (steel, fabric, fibers, etc.). 


10.2 QUESTIONS TO GUIDE YOUR READING 





1. What is meant by the stability of earth retaining structures? 

2. What are the factors that lead to instability? 

3. What are the main assumptions in the theory of lateral earth pressures? 
4. When shall I use either Rankine's theory or Coulomb's theory? 
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un 


. Does Coulomb's theory give an upper bound or a lower bound solution? 


e 


. What is the effect of wall friction on the shape of slip planes? 


~~] 


. What are the differences among gravity wall, a cantilever wall, a cantilever 
sheet pile wall, and an anchored sheet pile wall? 







8. How do I analyze a retaining wall to check that it is stable? 
9. How deep can I make a vertical cut without wall supports 
10. What are mechanically stabilized earth walls? 


| 10.3 BASIC CONCEPTS ON 
LATERAL EARTH PRESSURES 












We have discussed the lateral earth pressur | lateral increases in 
stresses on a semi-infinite, isotropic, homoge 






proposed by Coulomb (1776) and the 
develop a basic understanding 


y Rankine (1857). First, will 
ing a generic 





ig. 10.2. If the wall remains rigid and no 
movement) occurs, then the vertical and 
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FIGURE 10.2 Stresses on soil elements in front and behind a retaining wall. 
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Mohr-Coulomb failure line 







Pole for 
active state 






and, 
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Pole for 
passive state 













FIGURE 10.3 Mohr'scircles at r ec c jssive states. 


e back wall, ànd B, at the 





horizontal effective stre ments A, 


front wall (Fig. 10.2), ar 






about the bottom of the wall sufficient to 
produce s i iind^and in front of the wall (Fig. 10.4). 














an that required for the back of the wall, as 
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i he back of the wall is assisting in producing 


Fig. 10.5. 
ilure while the 
inst the soil to produce failure. 
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(a) (b) 
FIGURE 10.4 Slip planes within a soil mass near a retaining wall. 
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K (lateral earth pressure coefficient) 





Passive | 
—] — Ax 
—+| Ax I— H I 
| e Acti 
H, 
Passive | At rest ¢ 




















v y Ax 
Rotation T 
FIGURE 10.5 Rotation required to a > and passive resistance. 


stresses on elements A and B (Fig. 
ical stress on either ele- 
while that for 


What happens to the.lateral e 
10.2) when the wall is rota 
ment but the lateral 












element B will be increased. ohr's circles: one 
to represent the 10.3) and the other to 
represent the str j , Fig. 10.3). Both circles are 
drawn su : se (element B) in lateral 
effective st 1e soil to the Mohr-Coulomb failure state. 
For elemen ach the failure ateral effective stress must be 
















greater than the vertical effective stress, as'shown in Fig. 10.3. 
The ratio of lateral príncipal effective stress to vertical principal effective 
is given by Eq. (5. , fór circle (A), is 


sind’ o ' 
= t 4 i = 
1 + sin $' ont (4 3 Ka 









(oo (10.1) 
eis Coy | 


alled the active lateral earth pressure coefficient. Similarly, for circle 














g1 c + sin db’ , 
(o); (929, 1 Ene L aast + E) - x, 


(o3; (o); 1-sin' (10.2) 





where K, is the passive earth pressure coefficient. Therefore, 


1 
Kp =a 


If, for example, b’ = 30°, then K, = 5 and K, = 3. 
The stress states of soil elements A and B are called the Rankine active 


state and the Rankine passive state, respectively (named after the original de- 
veloper of this theory, Rankine, 1857). Each of these Rankine states is associated 
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with a family of slip planes. For the Rankine active state, the slip planes are 
oriented at 


0, = 45° + E (10.3) 





to the horizontal, as illustrated in Fig. 10.4b and proved in Chapter 5. For the 


Rankine passive state, the slip planes are oriented at 
S (10.4) 


V 
9,2 49^ — 3 
The lateral earth pressure for the Rank stive stale is 









to the horizontal, as illustrated in Fig. 10.4a. 


(10.5) 


(10.6) 


r, the lateral 


+ ——K,71H,—+ = — i x 
K,Y'H, K ads 
(a) Passive (b) Active (c) Hydrostatic pressure (d) Surface stress 


FIGURE 10.6 Variation of active and passive lateral earth pressures, hydrostatic 
pressure, and a uniform surface stress with depth. 


452 


CHAPTER 10 STABILITY OF EARTH RETAINING STRUCTURES 


If groundwater is present, you need to add the hydrostatic pressure (pore 
water pressure) to the lateral earth pressure. For example, if the groundwater 
level is at distance h,, from the base of the wall (Fig. 10.6c), the hydrostatic 
pressure is 













“= yh (10.9) 


and the hydrostatic force is 
(10.10) 


1 active lateral earth pressure of 
K.q, (Fig. 10.6d) and a uniform passive lateralearth.pressure of K,4.. The active 


(10.11) 


(10.12) 


s on ret walls are related direcily to 
ess through two coefficients. One is the active 


sive earth pressure coefficient, 


1 4 sin p’ o 1 
-a — z] 45° +— | = — 
E au zi 5*4 J 2 


2. Substantially more movement is required to mobilize the full passive 
earth pressure than the full active earth pressure. 

3. A family of slip planes occurs in the Rankine active and passive 
states. In the active state, the slip planes are oriented at 45^ - $72 
to the horizontal, while for the passive case they are oriented at 
45° — 7/2 to the horizontal. 

4. The lateral earth pressure coefficients, developed so far, are only valid 
for a smooth, vertical wall supporting a homogeneous soil mass with 
a horizontal surface. 

5. The lateral earth pressure coefficients must be applied only to effective 
stresses. 
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EXAMPLE 10.1 


Determine the active lateral earth pressure on the frictionless wall shown in Fig. 
E10.1a. Calculate the resultant force and its location from the base of the wall. 
Neglect seepage effects. 












applied; to the 
ess, apply K,, 


Strategy The lateral earth pressure coefficients can only 
effective stresses. You need to calculate the vertical effeetive 
and then add the pore water pressure. 

















Solution 10.1 
Step 1: Calculate K,. 







e lateral force due to the soil solids and FP. is the lateral 
re water. 


ls. 






Y. 7 20 kN/m? 


$'- 30* 





17 kPa 49 kPa 
(a) Wall (b) Lateral pressure ic) Hydrostatic 
from soil pressure 


FIGURE E10.1 
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Step 6: Determine the location of the resultant. 
Since both the lateral earth pressure and the pore water pressure 
distributions are triangular over the | m depth, the resultant is at 
the centroid of the triangle, that is, = H,/3 = 5/3 = 1.67 m from the 
base of the wall. Cl 






EXAMPLE 10.2 


For the frictionless wall shown Fig. E10.2a, determin 







(c) The magnitudes and locations of 
(d) The resultant force and its locati 







1 layer separately. Neither 
re. You do not need to 






K, nor K, should be app 
calculate K, for the tor 








ssure coefficients. 
25? 
= tan?( a53 ~ T = 0.41 


ae SE M a cote 
)- tan 4° - r) =i K, K. 3 





392 122.4 127 136 392 





(f) Pore water (e)Soil — (a) Wall (5) Surface stresses (c) Sail (d) Pore water 
FIGURE E10.2 
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Step 2: Calculate the active and passive lateral earth pressures. 
Use a table as shown below to do the calculations or use a 
spreadsheet. 






a, (kPa) 





















Surcharge 0 0 20 20-82 
2-6 0 20 20 = 6.7 
Soil 0 0 0 0 
2" 0 4H, — 19 x 2 — 38 0.41 X 38 = 15.6 
gr 0 y4H, =19x2=38 3 X 38 = 127 
6 yw, =9.8x* 4 Yi 3 X 78.8 = 26.3 
=39.2 =19*2+ 4 18 
Depth 

Passive (m) u (kPa) d 070,— Uu lop = Ko; 
Soil 0 0 0 
4 Ywh, = 9.8 x 4 80 3 X 40.8 = 122.4 


= 39. 






hat you are " lating the stress just above (—) and just below (+) 





"The — and + superscripts indi 












2m. 
See Figs. E10.2 or the pres 
Step 3: Calculate the hydrostatic force 
P,, = hy 8 x 4? = 78.4 kN 
late the res t lateral forces and their locations. 





See the table bélow for calculations. Active moments are assumed to 


be negative 












Depth ree Moment arm Moment 
( N) from base (m) (kN : m) 









1 0-2 8.2 X 2 — 16.4 4+1=5=4.42 —82.0 
2 6 6.7 xX 4 = 26.8 222 —53.6 
3 0- 3 X 15.6 X 2 = 15.6 2+ 4= 4.67 —72.9 
4 2-6 12.7 X 4 = 50.8 222 —101.6 
5 2-6 3X 13.6 X 4 = 27.2 3 —36.3 
6 2-6 78.4 3 —104.5 
(water) —— 

> Active lateral forces = 215.2 = Active moments = —450.9 
Passive Depth Force Moment arm Moment 
Area (m) (kN) from base (m) (kN - m) 
7 2-6 ix 1224 X4 - 244.8 3 326.4 
8 2-6 78.4 i 104.5 
(water) 


X Passive forces = 323.2 = Passive moments = 430.9 
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Location of resultant active lateral earth force: 
m Moments _ 450.9 _ 














Step 5: Calculate the resultant lateral force. 
R, = P, — P, = 323.2 — 215.2 = 
Step 6: Calculate the ratio of moments. 
Ratio of moments = = 0.96 
Since the active moment is gre 


will rotate. 


What's next . . . The pioneer of earth pressur is Coulomb (1776). We are going 
to introduce his ideas in the next s 





$^ 10.4 COULOMB'S BARTH PRESSUR 








t equilibrium method are 7] selection 
determination of the forces acting on the 


Failed soil wedge 





Slip plane 


8 





(a) Retaining wall (b) Free-body diagram of failed soil wedge 
FIGURE 10.7 Coulomb failure wedge. 
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ð to the horizontal. Since the soil is dry, y' = y. We can draw the free-body 
diagram as shown in Fig. 10.7b and solve for P, using statics as follows: 
=F, = P, + Tcos8 — Nsin§ =0 
2F, = W- Tsin8 —- Ncos8=0 







The weight of the sliding mass of soil is 


W = iyH2 cot 0 
At limit equilibrium, 
T = N tamh’ 
Solving for P, we get 
Pp, =4 tan ~ o’) (10.13) 


o 






ination of the slip plane; we use calculus 


/-4)-cs 








tan(0 — 


2j 0 









(10.14) 











alue of 0 into Ec 


Substitu ing. 














72? tan?| 45? — 


2) aie ay (10.15) 


2 2 


his is the same 
The soluti 


rlier from considering Mohr's circle. 

equilibrium method is analogous to an upper 
ives a solution that is usually greater than the true 
Is is that a more efficient failure mechanism may be 


form, and we could have obtained a maximum horizontal force lower than for 
the planar slip surface. 

For the Rankine active and passive states, we considered the stress states 
and obtained the distribution of lateral stresses on the wall. At no point in the 
soil mass did the stress state exceed the failure stress state and static equilibrium 
is satisfied. The solution for the lateral forces obtained using the Rankine active 
and passive states is analogous to a lower bound solution—the solution obtained 
is usually lower than the true solution because a more efficient distribution of 
stress could exist. If the lower bound solution and the upper bound solution are 
in agreement, we have a true solution, as is the case here. 

Poncelet (1840), using Coulomb’s limit equilibrium approach, obtained ex- 
pressions for K, and K,, for cases where wall friction (8) is present, the wall face 
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nd sloping soil 
surface for use with Coulomb's method for. active.con 





is inclined at an angle ņ to the vertica 
With reference to Fig. 10.8, Kac and 


> p 


cos" - ») ^7 
Fant 
Cos 2) COSUT 5 


8)’sin(’ + 0r] (10.17) 
8) cos(n — B) 


d the backfill is s n angle p. 






















(10.16) 








ubscript C denotes 
e lateral earth pres: 


@ulomb. You should note that K,c # 1/Kac. Recall 
jefficients are applied to the effective not total 
groundwater, the total and effective vertical 


plane to the horizontal is 














(sin $' cos 8)'? 


cos '{sin(’ + 8)]'? n 


"| 
where the positive sign refers to the active state (0,) and the negative sign refers 
to the passive state (60, ). 

Wall friction causes the slip planes in both the active and passive states to 
be curved. The curvature in the active case is small in comparison to the passive 
case. The implication of the curved slip surface is that the values of Kac and Kpc 
from Eqs. (10.16) and (10.17) are not accurate. In particular, the passive earth 
pressures are overestimated using Eq. (10.17). For the active state, the error is 
small and can be neglected. The error for the passive state is small if 6 — 6'/3. 
In practice, 9 is generally greater than '/3. 

Several investigators have attempted to find K, and K, using nonplanar slip 
surfaces. For example, Caquot and Kerisel (1948) used logarithm spiral slip sur- 
faces while Packshaw (1969) used circular failure surfaces. The Caquot and Ker- 


| + tan $' 
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TABLE 10.1 Correction Factors to be Applied to K, 
to Approximate a Logarithm Spiral Slip Surface 
for a Backfill with a Horizontal Surface 





S/b" 










the frictional force 
on the wall iim: ds on le | LV he soil or the soil 


to the walla 
tional forces 
active gatera! 


Movement ^ - 
FIGURE 10.9 Directions of active and passive forces when wall friction is 
present. 
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tion equipment is generally used. The wall pressures from using heavy 
compaction equipment can be in excess of the active earth pressures. You should 
account for the lateral stresses in designing retaining walls. You may refer to 
Ingold (1979), who used elastic theory to estimate the lateral stresses imposed 
by construction equipment. Some practicing geotechnical engine refer to ac- 
count for the additional compaction stresses by assuming that t 
lateral earth force acts at 0.4H, or 0.5H, rather than 4H, fro 























(= 1.20) to account for compaction stresses. 


The essential points are: 


based on limit equilibrium. 
2. Wall friction cases os slip planes 


3. oe calculation of the late 
Eqs. (10.16) and (10. 17), 
Table 10.1. 

4. The active and passi 
mal to the | 





ave already encountered his ap- 
Rankine's solution for a wall with a sloping 


BACKFILL 


Rankine (1857) established the principle of stress states or stress field in solving 
stability problems in soil mechanics. We have used Rankine's method in devel- 
oping the lateral earth pressures for a vertical, frictionless wall supporting a dry, 
homogeneous soil with a horizontal surface. Rankine (1857) derived expressions 
for K, and K, for a soil mass with a sloping surface that was later extended to 
include a sloping wall face by Chu (1991). You can refer to Rankine's paper and 
Chu's paper for the mathematical details. 

With reference to Fig. 10.10, the lateral earth pressure coefficients accord- 
ing to Rankine’s analysis are 


_ cos(B — n)V1 + sin^ ó' — 2 sin $' cos 6, 





— cos m(cos B + Vsin? o’ — sin? B) — (10.19) 
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FIGURE 10.10 Retaining wall with sloping soil surfa soil-wall 


interface, and sloping back for use with Rankine's me 


and 


— COS(B — Dd 





Kja = e" (10.20) 
(10.21) 

sin p 
iis 3 (10.22) 














s of the slip plar isto the. orizontal. The sign conventions for 
9.10; an jise rotation is positive. 


ateral earth forces are 


















sin $' sin 6, 


1 — sin $' cos 0, (10:23) 


| 


p sin $' sin 8, 
P 1 * sin $' cos 6, 





(10.24) 


to the normal of the wall face. The angles €, and &, (reminder: the subscripts a 
and p denote active and passive) are not interface friction values. 

In the case of a wall with a vertical face,  — 0, Eqs. (10.19) and (10.20) 
reduce to 


cos B — V'cos? B — cos? $' 


cos B + Vcos* B — cos: 2) (10:25) 


and the active and passive lateral earth forces act in a direction parallel to the 
soil surface, that is, they are inclined at an angle B to the horizontal. 
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BER CUu a, 






y soil mass, which is 
otal stress analysis. 








analogous to an effective stress analysis. Next, w nside 


10.6 LATERAL EARTH PRESSL 
FOR A TOTAL STRESS ANALY 












for the active state, that a slip’pla o the horteontal 


The forces on th 
along the slip plane: 


(10.26) 
quation (10.26) then yields 


2S Fite 
sin 26 


rth force, we differentiate P, with respect 
iving 


-2i1yH;- 


FIGURE 10.11 Forces on a retaining wall for a total stress analysis. 
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By substituting 8 = 45° into the above equation for P,, we get the maximum 


active lateral earth force as 
P, = i14H2 — 25H, (10.27) 


If we assume a uniform distribution of stresses on 
active lateral stress is 


















slip plane, then the 


(Ore = yz — 25, (10.28). 
Let us examine Eq. (10.28). If (o,), — 0, for example, when you make an exca- 
vation, then solving for z in Eq. (10.28) give 
(10.29) 





acKs would extend into the soil (Fig. 





10.12). If the tension crac ater, the cri epth can extend to 
(10.30) 
In addition, ili ack 1 ed and a hydrostatic 
| depth of water-filled 
tension cracks i i AYS WS § aan the wall height. For ex- 
ample, if s, = « 7 19.5 m. A wall height 
719.5 m is substantial. As a com- 
paris all of China is about 12 m. When 
tensio slip.plane, as shown in Fig. 10.12; no shear- 





the tension cracks. 
For an unsu excavation, the active lateral force is also zero. From 
q. (10.27), werge 
MH? D 26 H., = 0 


ing f 










and, s owe obtain 


H, = He = — (10.31) 


Tension crack. This crack can 
be filled by water. When this 
happens, the critical depth 
then extends to 





Modified slip plane 


FIGURE 10.12 Tension cracks behind a retaining wall. 
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If the excavation is filled with water then 


(10.32) 














.29) and 
ical depths. In 


We have two possible unsupported depths as given by E 
(10.31). The correct solution lies somewhere between these c 
design practice, a value of 


(10.33) 





is used for unsupported excavation in fine-grai ils. If the excavation is filled 
with water, 

















(10.34) 
The passive lateral earth force for a total stress analysi ing à pro- 
cedure similar to that for the active state above, can be written as 
(10.35) 
and the passive lat essu 
(10.36) 


active and passive lateral 





undrained condi 









(10.37) 


(10.38) 


ed in fine-grained soils may be subjected to an ad- 


We can write Eqs. 
earth PP 
all face. The adhesive stress is analogous to a wall-soil 


interface friction effective stress analysis. The undrained lateral earth pres- 
sure coefficients are modified to account for adhesive stress as 


(10.39) 
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2. Tension cracks of theoretical depth 2s,,/y, or 2s,/y’ if water fills the 
tension cracks, are usually formed in fine-grained soils and they mod- 
ify the slip plane. If water fills the cracks, it softens the soil and a hy- 
drostatic stress is imposed on the wall over the depth of the tension 













ect soils is He= = Sai far Or, ae the cut is fi 
4s,,/y’. 


What's next...You were introduced to C 
active and passive lateral earth pressures 
curacy of, in particular, Kpc because wall f 
from a plane surface. Several inves 


s, should be used in the analyse 
to address Hnis question. You are for 


with a enic at meth 
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s haye not confirmed the Coulomb and Rankine theo- 
Nu aboratory test results showed that both theories 
ral earth pressures. Values of K, obtained by Caquot 
= fassive lateral earth pressures but they are still 


Field and laboratory tes 
ies. In particular, fie 












th 


Rankine’s theory was developed based on a semi-infinite “loose granular” 
soil mass for which the soil movement is uniform. Retaining walls do not support 
a semi-infinite mass but a soil mass of fixed depth. Strains, in general, are not 
uniform in the soil mass unless the wall rotates about its base to induce a state 
of plastic equilibrium. 

The strains required to achieve the passive state are much larger than for 
the active case (Fig. 10.5). For sands, a decrease in lateral earth pressure of 40% 
of the at-rest lateral earth pressure can be sufficient to reach an active state, but 
an increase of several hundred percent in lateral earth pressure over the at-rest 
lateral earth pressure is required to bring the soil to a passive state. Because of 
the large strains that occur to achieve the passive state, it is customary to apply 
a factor of safety to the passive lateral earth pressure. 
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We have assumed a generic friction angle for the soil mass. Backfills 
are usually coarse-grained soils compacted to greater than 95% Proctor 
dry unit weight. If samples of the backfill were to be tested in shear tests in the 
laboratory at the desired degree of compaction, the samples may show peak 











earth pressure are much greater than those required to m 
o», in the Rankine or Coulomb equations is on 
agreement between the predicted passive lateral earth p 
tal results. 

Large shear strains (y > 10%) are requir 
consisting of loose, coarse-grained soils, the di 
mobilize ¢:, is intolerable in practice. Yo 
of }' in design. The maximum 4.5). sh 
are applied to allow for uncertainties ¢ 








servative values of wall adhesion. The 
eld and Mair, 1984) should be the lesser 





or 5s, = 50 kPa 
ssive state: s, = 0.Ss, or s, = 25 kPa 


(10.40) 
(10.41) 


S, = 0.5s,, 








The interface friction between the wall face and the soil depends on the 
type of backfill used and construction methods. If the surface texture of the wall 
is rougher than Do of the backfill, the strength characteristics of backfill would 
control the interface friction. In such a case, the interface friction angle can be 
taken as equivalent to į. If the wall surface is smooth compared with D so of 
the backfill, the interface friction value can be assumed, in the absence of field 
measurements, to be between $$, and 16;,. 

A layer of coarse-grained soil is often used in construction to rest the base 
of gravity retaining walls (see Section 10.8) founded on clays. The interface fric- 
tion angle for sliding would then be the lesser of the interface friction between 
the layer of coarse-grained soil and the wall base, and the interface friction be- 
tween the layer of coarse-grained soil and the clay. 
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What's next .. In the next three sections, we will analyze retaining walls to determine 
their stability. We will consider an ESA (effective stress analysis) and a TSA (total 
stress analysis). We begin by considering the possible failure modes. 


10.8 TYPES OF RETAINING WALLS 
AND MODES OF FAILURE 

























There are two general classes of retaining walls. O 
of concrete walls relying on gravity for stability ( 
flexible and consists of long slender members of ei 
and relies on passive soil resistance and anc ity (Fig. 10.14). 

There are four modes of failures ining walls—translational 
failure, rotation and bearing capacity 
failure (Fig. 10.15). Flexible walls 


d consists 
The other class is 


(Fig. 10.16). 
Seepage-induced failure 
adequate drainage sy 


V 


Front face 





Shear key oe 


ing wall (b) Cantilever rigid retaining wall 





avity reta 





(c) Counterfort wall (d) Buttress wall 
FIGURE 10.13 Types of rigid retaining walls. 
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Soil 


Anchor 


Wall Tie rod 


Soil 
Soil 









Base 
(b) Anchored or tie- 


Base 
(a) Cantilever 


FIGURE 10.14 Ty 


(b) Rotation and bearing 
capacity failure 


Fa 
, Slip plane 


RR a gat 
Ta l a a ww P 


(c) Deep-seated failure (d) Structural failure 


FIGURE 10.15 Failure modes for rigid retaining walls (the dotted lines show the 
original position of the wall). 
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x dc 


(a) Deep-seated failure (b) Rotatio put the prop 











IW 
C 


(c) Rotation near lure of anchor/pr ilure nding 
FIGURE 10.16 C2. s for flexible retaining walls. 
10.9 STABILI ID RETAINING WALLS 


10.138 ined ive concrete walls. Their stability 
- t of the walls. Cantilever walls (Fig. 10.13b) 
ize stability and are generally more economical 
id retaining wall must have an adequate factor 





















Gravity r 
depends 


ilize the backfill to 
vity T wa 


Drainage blanket 
(coarse-grained soils) 


fini v walls (Fig. 
ly on the 























Impervious fill 













Longitudinal 
drains 
Fabric 


Drainage blanket 


Impervious fill 


t+— Longitudinal 
drain 


(a) Simple vertical drain (b) inclined drain (after Sibley, 1967) 
FIGURE 10.17 Two types of drainage system behind rigid retaining walls. 


470 


CHAPTER 10 STABILITY OF EARTH RETAINING STRUCTURES 


of safety to prevent excessive translation, rotation, bearing capacity failure, deep- 
seated failure, and seepage-induced instability. 


10.9.1 Translation 


A rigid retaining wall must have adequate resistance against tran 
the sliding resistance of the base of the wall must be greater th 
lateral force pushing against the wall. The factor of safety 
(FS). is 













ion. That is, 


against the wall. The sliding resistance is 
$,,B for a TSA (if the base rests directly 
vertical force, ó; is the interfacial frictior 
the soil 


on gravity and canti 
Using statics, v 


(10.43) 


(a) Gravity (b) Cantilever 
FIGURE 10.18 Forces on rigid retaining walls. 
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where W,, is the weight of the wall, W, is the weight of the soil wedge, P,, and 
Pax are the vertical and horizontal components of the active lateral force, and 0, 
is the inclination of the base to the horizontal (9, is positive if the inclination is 
counterclockwise, as shown in Fig. 10.18). If 0, = 0 (base is horizontal), then 





(FS), = (Wn + We + Pag) tan ġi 





















(10.44) 
For a TSA, 
(10.45) 
If 0, = 0, then 


(10.46) 


the mi 
resultan 


Ww Za İS the | 
e against rotati 
he eccentri 


If 









ia Wx» + Wa, + Pt, — Pads 


(10.48) 


Wat Wet Px 





10.9.3 Bearing Capacity 


A rigid retaining wall must have a sufficient margin of safety against soil bearing 
capacity failure. The maximum pressure imposed on the soil at the base of the 
wall must not exceed the allowable soil bearing capacity; that is, 


Omax S Ga (10.49) 


where Gmax is the maximum vertical stress imposed and q, is the allowable soil 
bearing capacity. 
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10.9.4 Deep-Seated Failure 


A rigid retaining wall must not fail by deep-seated failure, whereby a slip surface 
encompasses the wall and the soil adjacent to it. In Chapter 11, we will discuss 
deep-seated failure. 










10.9.5 Seepage 


A rigid retaining wall must have adequate protection fro epage. 


preferable for the backfill becausé 
pared with fine-grained soils. 


10.9.6 Procedures t 





e ntaximum soil pressure from 0,,,. — (R,/AÀ) 

7. Calculate i ultimate bearing capacity, Qun, using one of the methods 
described in Chapter 7. Since, in most cases, R, would be eccentric, 
Meyerhof’s bearing capacity equation is preferable. 

8. Calculate the factor of safety against bearing capacity failure: 
(F. Sp = Qur” O nax* 


EXAMPLE 10.3 


A gravity retaining wall, shown in Fig. E10.3a, is required to retain 5 m of soil. 
The backfill is a coarse-grained soil with y,,, = 18 kN/m?, 6, = 30°. The existing 
soil (below the base) has the following properties: Ysa = 20 kN/m?, $4, = 28°. 
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The wall is embedded 1 m into the existing soil and a drainage system is provided 
as shown. The groundwater level is 4.5 m below the base of the wall. Determine 
the stability of the wall for the following conditions: 











(a) Wall friction is zero. 
(b) Wall friction is 20°. 


(c) The drainage system becomes clogged during several days of a rainstorm 
and the groundwater rises to the surface. Neglect/seepage forc 











The unit weight of concrete is y, = 24 kN/m’. 


Strategy For zero wall friction, you ca i ethod. But for wall 
friction, you should use Coulomb’s me ve resistance is normally 
neglected in rigid retaining walls. Sin i eral forces are considered, 
K, from the Rankine and Coulom d be accurate enough. Since 
groundwater is below the base, y. 











Solution 10.3 
Step 1: Determine K 


;-03 
o 





Cc 
Step 2: Deter 










aRYeatlo = 3 X 4X 18 X S? = 75 kN 
P,g acts horizo because the d surface is horizontal. 
ou PVE 1KacYmHo = } X 0.3 X 18 X 5? = 67.5 kN 





Pc aets at an angle 8 = 20° to the horizontal (see Fig. E10.3b). 





S Wi Drainage blanket 





Backfill 







I— — 4.2 m 


FIGURE E10.3a 


Concrete, y, — 24 kN/m? 
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Py; 7 67.5 kN (Coulomb) 


"U 


^a 75 kN (Rapkin 










Horizontal component of Pye: (P,.)e 
. Vertical component of P,c:  (P,Jé = 


Step 3: 


Pip2, = 72(3.6 + 0.3) + 216 x ($ X 3.6) 
- 75 x $ 2 6742 kN.m 


a c 


o = Wix, + War + (P4)c X B — (Pa)e X £z, 
= 72(3.6 + 0.3) + 216 x ($ X 3.6) - 23.1 X 42 — 63.4 X | = 790.6 KN 
= W + (P,)c — 288 - 23.1 7 311.1 kN 


Base resistance: 7 = R, tan ¢,, where R, is the resultant vertical force 
Assume $j = 365, = 3 x 28 = 18.7°. 


Rankine: T = 288 = tan 187^ — 97.5 kN 
Coulomb: T = (288 + 23.1) x tan 18.7? — 105.3 kN 
I 975 


Rankine: (FS); = — = — = 1.3 < 1.5; therefore unsatisfactory 
Pip 75 
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Coulomb: (FS); = —— - —— — 1.7 > 15; therefore satisfactory 


With wall function, the factor of safety against translation is 
satisfactory. 


Determine Rotational Stability 








B 42 
ki : = — = — 34 
Rankine: e | 2 X | 2 2 






Coulomb: e = 2 —-x| = 











ine and Coulomb method 
e base and, therefore, overturning 


The resultant vertical forces 
lie within the middle one-thir 
is unlikely to occur 












e Since the 


the middle. one-third, tension will not 


rm 
ig. E10.3b) for both the Rankine 


omb: (Tmax) 
e maximum st ; 
and Coulomb base of the wal! can be taken as a strip, 


surface founda is, B/L — 0, and D, — 0. The groundwater 





E — 92.1 kPa 








= 120.6 kPa 


(FS), = Cro hi 3; therefore satisfactory 


Coulomb: gy, = 3 x 20 x (4.2 — 2 x 0.44) x 11 = 365.2 kPa 


(FS), = ao = P = 3.0; therefore, bearing capacity is satisfactory 


Step 4: Determine the effects of water from the rainstorm. 
Using Rankine’s method (zero wall friction) 


Par = 2Kay'Ho + 2¥wHo = 3 X $ X (18 — 9.8) x S? 
+4x 98 x 57 = 34.2 + 122.5 = 156.7 kN 
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Location of resultant from O 
Mo = Wx, + WX = Pori, = 72(3,6 = 0.3) T 216 X E X 3.6) 
— 1567 X 3 — 538 kN.m 



















Translation 
97.5 


(FS)r = 3567 


= 0.62 


The wall will fail by translation. 


Rotation 
Bi 


z= 


42 
gp Ss an 











The wall is unlikely to fai 


Bearing capacity 
Jui = sy'B'N, 
288 


Omar = 





ever, gravity retaining wall shown in Fig. 
and the backfill is a coarse-grained soil. The 
0 mm thick, compacted layer of the backfill. The 
base and the compacted layer of backfill is 25°. 





Strategy should use Coulomb’s method to determine the lateral earth 
pressure becaus the presence of wall friction. The height of the wall for 
calculating the lateral earth pressure is the vertical height from the base of the 
wall to the soil surface. You should neglect the passive resistance of the 1.0 m of 
soil behind the wall. 





Solution 10.4 
Step 1: Determine the active lateral force and its location. 
See Fig. E10.4b. We are given = 0, B = 8°, 6 = 15°, and 4, = 25°. 
Therefore, from Eq. (10.16), . 
cos?(25° — 0) . 
sin(25° + 15°) sin(25° — 8°) |" 
cos(0° + 15°) cos(0? — 8°) 
H, = 05 + 6.1 + 3.0 tan 8° = 7.42 m 


Kac = = 0.41 


cos? 0° cas(0° + s: + 
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q, - 20 kPa y4 
1i g] 


Ya = 18 kN/m? 
$4 7 18 kN/m? 
6 = 15° 
6.1m QS 
Backfill 









0.4m 
D 








Batter 
1:20 













Drainage blanket 






1.0m 


4 9.9 m 
I-1.8 m4 —— ———3 m Wa 19k 


Existi 30° 
9,73 
= 725 kPa 










FIGURE E10.4a 







z = $ X041 X18 

= 203.2 kN 
= 203.2 cos 15° = 196.3 kN 
= 203.2 sin 15° = 52.6 kN 







rizontal component: 
ertical component: 











ò= 0.41 X 20 x 7.42 X cos 15? — 58.8 kN 
0.41 X 20 x 7.42 X sin 15° = 15.7 KN 


2.75 m 


0.9m 
l-1.8 m-4— ——- 3m —— ———«4 
FIGURE E10.4b 


478 CHAPTER 10 STABILITY OF EARTH RETAINING STRUCTURES 

















Resultant force components 
Pax = Fos + F, = 196.3 + 58.8 = 255.1 kN 
P,, = Faz + F, = 52.6 + 15.7 = 68.3 kN 


Step 2: Determine the resultant vertical force per unit length andits‘location. 
A table is useful to keep the calculation tidy and easy tó check. 


















Moment arm 
Part Force (kN/m) from toe (m) 


0.5 x 0.42 X 3 x 18 = 11.3 3.80 

3 x 6.1 X 18 = 329.4 3.30 

0.4 x 6.1 X 23.5 = 57.3 

0.5 x 0.36 x 6.1 X 23.5 = 25.8 
0.9 x 4.8 x 23.5 = 101.5 
0.1 x 1.04 x 23.5 = 2.4 
3 x 20 = 60.00 

587.7 1708.21 


Noms WN — 















9(+) 


r M = 


f the resultant 


omponent of force from the 


196.3 x Ye 58.8 X = 


= 2.75 m 





Step 4: Determine the stability. 


Rotation 
B 48 e i 
6 = a" 0.8 m > e (= 0.37 m); therefore rotation is satisfactory 
Translation 
T = R, tan ġ; = 656 X tan 25° = 305.9 kN/m 
(FS); = i o 49 = 1.2 < 1.5; therefore, translation is not satisfactory 


P, 2551 
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In design, you can consider placing a key at the base to increase the 
factor of safety against translation. 


Bearing capacity 











= 199.9 





_ 856 _(, , 6x 037 
Oms 48x] 4.8 


Use Meyerhof's equation. 
For ġa = 30°, N, = 15.7; B’ = B-2e= 


Groundwater level is within B from the ba 
bearing capacity equation. 


4.06 m 


use y’ in the 


gun = Y B'N, - 1 x (19 — 





What's next ...in the next section, we y how to determine the-stability of 


flexible retaining walls. 





f Sheet pile walls must satisfy all the criteria for rigid 
Section 10.9 except bearing capacity. However, be- 


10.10.1 Analysis of Sheet Pile Walls in Uniform Soils 


In analyzing sheet pile walls, we are attempting to determine the depth of embed- 
ment, d, for stability. The analysis is not exact and various simplifications are made. 
The key static equilibrium condition is moment equilibrium. Once we determine 
d, the next step is to determine the size of the wall. This is done by calculating the 
maximum bending moment and then determining the section modulus by dividing 
the maximum bending moment by the allowable bending stress of the material 
constituting the sheet pile, for example, steel, concrete, or wood. 

An effective stress analysis is generally used to analyze sheet pile walls and 
as such we must evaluate the pore water pressure distribution and seepage pres- 
sures. We can use flow net sketching or numerical methods to determine the pore 
water pressure distribution and seepage pressures. However, approximate meth- 
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Backfill 







Backfill 





Resultant hydrostatic force is zero 
la) Water level on both sides equal 











Backfill 





er pressure distributions behind 


groundwater level on both sides of a sheet 
iltant pore water pressures and seepage pres- 
ou can then neglect the effects of groundwater in 





sheet pile walls onditions in which the water tables are different is obtained 
by assuming a steady state seepage condition and uniform distribution of the 
total head. Approximate resultant pore water pressure distributions for some 
common conditions (Padfield and Mair, 1984) are shown in Fig. 10.19. 

The maximum pore water pressures (ug), maximum pore water forces (P,,) 
and their locations (Z,,), and the seepage force per unit volume ( j,) are as follows: 


Case (a)—Fig. 10.192 
Resultant pore water pressure is zero and the seepage force is zero. 


Case (b)— Fig. 10.19b 


2ad 


24 24 '* (10.50) 


Hg = 
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ad(a + d) 



















3 

T (10.53) 

Js mpm Yw > 

Case (c)— Fig. 10.19c 
(10.54) 
B us (10.55 
"75 .53) 
"A |} 
| + 2d) + 2d? 
aig = 
\ A 7 HA 

L^ 22 1247 PN (10.57) 





Recall that j, is the seepage pressure per unit volume and the resultant effective 
stress is increase is downward (behind the wall) and is decreased 
when se j as discussed in Chapter 3. 













rse-grained soil but is embedded in a fine- 
Id consider a mixed analysis. For short-term 
analysis can be used for the coarse-grained soil but 


ined soil. In this case, vou 
condition, an 






Sand 


Clay 


FIGURE 10.20 Sheet pile wall penetrating different soils. 
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a total stress analysis should be used for the fine-grained soil. For long-term 
conditions, an effective stress analysis should be carried out for both soil types. 


10.10.3 Consideration of Tension Cracks 
in Fine-Grained Soils 








If a sheet pile wall supports fine-grained soils, you should consider the formation 


of tension cracks. The theoretical depth of a tension crack 









In this situation, you 


of a tension crack is sometimes greater thar 
| af Sz (kPa) as suggested 


can assume a minimum active lateral eff 
















filled with water. In this ca 
the depth of the wall. 


10.10.4 Met 


Several methods 





"ral stresses are distributed on the 
ied in solving for the embedment 


D, you would determine an embedment depth 
"applying a factor of safety (FS), on the passive 
,,1s usually between 1.5 and 2.0. 

e factored strength method (FSM), reduc- 


es that are expected to be mobilized by the design 
ctor, Fy, is applied to the friction angle, pes, and a mo- 
bilization facto ipplied to s,,. The application of these mobilization factors 
results in a higher active pressure and a lower passive pressure than the unfac- 
tored soil strength parameters. The design parameters are 


and 





where 





|F,-12to015 and F,-15to2 


The results from the FSM are sensitive to F, and F,. 
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Excavation level 





Net passive pressure Net active pressure 


FIGURE 10.21 Net pressures for the NPPM. 


The third method, called the net 
a net available passive resistance (B 
from the active pressure at the exce 
The shaded region of pressure 
the passive pressure to give 
by arrows. The factor of safety fc 








area hatched 









(Fs), = Sm ments of net available-passive resistance | 
P À Mó ents of lateral fortes calling roy ion ' 
.S.to 2 with 2 most often use 
yressure distributions that 
passive states. Expected lateral 
| aid a less *'stiff" flexible wall are 


_of the distribution of the lateral pressures as 
in maximum bending moment from that 














AYU 


pile walls leac 
do not corres Rankine aetive 





. 


AAA AAAAA AS 








(b) Less "stiff" flexible wall 


FIGURE 10.22 Lateral pressure distributions expected on a “stiffer” flexible wall 
and less “stiff” flexible wall. (After Padfield and Mair, 1984.) 
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Rowe (1957) developed a method, based on laboratory tests, to reduce the 
calculated maximum bending moment to account for the effects of wall flexibility 
on the bending moment. Rowe's moment reduction is applicable when a factor 
of safety has been applied on the passive resistance as in the FMM. There is some 


















1) and use it as the design moment. This is the preferred 

To account for soil-wall interface friction, you ne 
However, the active and passive coefficients derive 
(1948) are regarded as more accurate than those of 
retaining wall, only the horizontal components o 


ot and Kerisel 
or a flexible 
are important. 


of Caquot and Kerisel (1948) as tabulated 
for some typical backfill slopes and soi 
use the values of the lateral earth pressur 
of the example problems in this c 


bsi (1990) are plotted 
riction angles. We will 
ix C in some 


10.10.5 Analysis of Canti 


Cantilever sheet pile walls 
point, O, just above t 
rotation above th ateral pressure is 
passive behind t ~10.23b). To simplify 
the analysis, a fo ig. 10. i ; int of rotation to approximate 
. By taking moments about 
tain one equation with one 


eet Pile Walls 










| e design embedment depth, d. 
or etermining d for stability and to determine the 


Active 


(a) Cantilever wall (b) Pressure distribution (c) Approximation of pressure 
distribution 


FIGURE 10.23 Approximation of pressure distributions in the analysis of 
cantilever flexible retaining walls (Padfield and Mair, 1984). 
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3. Calculate the net pore water pressure (u) distribution and the seepage force 
per unit volume ( j,). The effective unit weight is increased by j, in the active 
zone and is decreased by j, in the passive zone. 


4. Determine the unknown depth d, by summing moments about O. 














5. Calculate d by increasing d, by 20% or 30% to account fór simplifications 
made in the analysis. The depth of penetration d is ther r Eddy 

6. Calculate R by summing forces horizontally over t d) 

7. Calculate the net passive resistance, (P, ),.., ove d,, below 
O: 

8. Check that R is greater than (P,),.. If not, exten epth of embedment 
and recalculate R. 

9. Calculate the maximum bending r er the depth (H, + d,) 
using unfactored passive resist factored strength values 
(FSM), and (FS), = 1 (NPPM). 

10. the maximum 


wall material. 


s. One is the free 


ttachment of the anchor, O (Fig. 
gram, based on the above assump- 


water pressure (u) distribution and the seepage force 
s). The effective unit weight is increased by j, in the active 





Wall deflection—»? ] Limit equilibrium—»- 


Working condition 


Idealized earth 
pressure distribution — 


(a) Deflected position, point of rotation, (b) Bending moment 

and idealized earth pressure distribution 
FIGURE 10.24 Free earth conditions for anchored retaining walls (Padfield and 
Mair, 1984). 
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strength (FSM), an 
determine the ancho 


the ground surface (Fig. 
or plate must balance the design 





ing for d., 





_ [2T.X (FS), 

y (K, — Ka) 
A passi edge develops in front of the anchor plate and an active wedge 
develops d the retaining wall. The anchor plate must be located out- 


side the active slip plane. The minimum anchor length (L,) of the anchor 
rod, with reference to Fig. 10.25, is 


(10.58) 


L, = (H + d) tan(45° — 4/2) ^ d, tan(45* + $'/2) (10.59) 





Calculate the spacing of the anchors. Let s be the longitudinal spacing of 
the anchors and h, be the height of the anchor plate. If h, = d,/2, the passive 
resistance of the anchor plate is assumed to be developed over the full depth 
d.. From static equilibrium of forces in the horizontal direction, we obtain 


SYL. 
2T,(FS), 





(Kp — Ka) (10.60) 
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9, Calculate the maximum bending moment (M,,,,) using the embedment 
depth at limit equilibrium (unfactored passive resistance, unfactored 
strength values, or (FS), = 1). 


10. Determine the section modulus, $, — M,4,,/f,, where f, is the allowable 
bending stress of the wall material. 





EXAMPLE 10.5 


Determine the depth of embedment required for st 
pile wall shown in Fig. E10.5a. Compare the resul 
FSM, and NPPM—using (FS), — 2.0, F, — 1.25, a 
maximum bending moment for each of th undwater is below 
the base of the wall. 










ever sheet 
e methods—FMM, 









Strategy You should use the Ca etisel (1948) passive pressures (see 
Appendix C) and either the Caquot 2 i omb active pres- 
sures. The key is to determir o (an arbitrarily 
selected embedment depth é using moment 
equilibrium. Since you have = to calculate 
the maximum bendin i px for factored 
and unfactored values 























Solution 
Step 1; 






. (Péesign = 24°, 8 = Fbéesign B/dicsign = 0) 

A (baesign = 24, ò = design: B/Désesian = 0) 

PM: Ka, = 0.28 (bi. = 30°, & = $65. Bibis = 0) 
K,,7 46 (his = 30°, 8 = fháis Bia = 0) 


Coarse-grained soil 
Ya 5 18 kN/m? 
$4 = 30° 


M oss 
=F bs 


FIGURE E10.5a 
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| 












d. P, 


E 


FIGURE E10.5b 










earth pressure coefficient 
distribution for the NPP 
is not within the 
With referenc 















18(3 + d,)? = 9K,,(3 * dy 





j - 3KG(3 tay 


X K,, X 18 X d? = 9K xd} 


Bac 


Em 


"NN 
Pay = Kye dy XS = 3K pul 


FIGURE E10.5c 
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Step 3: Find d,. 
All forces are calculated per meter length of wall. 
FMM 
The passive pressure is factored by (FS),. 
K,, = 0.28 and K,, = 4.6 
(Mo), = 3 X 0.28(3 + d,)? = 0.84(8 + d,)? 


3x46dj 3x4. 
(Mo), 9 ———— 
Op (FS), 


For equilibrium: (MO), 
. 0.84(d3 + 9d3 + 27d, + 
which simplifies to 
7.21 
By trial and error or by us 

















or équilibrium: (Mo 
08(d3 -- 9d2 


ae = 0.28 and K,, = 4.6 

for the NPPM is shown in Fig. E10.5c. 
iX K,,yH2 =} X 0.28 X 18 x 3? = 22.7 kN 

= K,,yHod, = 0.28 X 18 X 3 X d, = 15.1d, 

P, = (Kp, — Kas)yd3 = 3(4.5 — 0.28) X 18d} = 38.943 


The pressure di 


al 





(Mo)a = Pa (a. + He) + Pa = 7.6d2 + 22.7d, + 22.7 
d, 3 
(Mo), 7 P, 3 = 13d; 
M 
(FS), i: ( o)p 
(Mo), 


For (FS), = 1.5, 
1.5(7.6d2, + 22.7d, + 22.7) = 13a} 
Rearranging, we get 
7.61d3 — 7.6d2 — 22.7d, — 22.7 = 0 


By trial and error or by using the polynomial function on a calculator, 
d, — 2.41 m. 
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Step 4: Calculate the design depth. 








FMM: d = 1.2d, = 1.2 X 2.95 — 354 m 
FSM: d= 12d, =12 X 2.75 =3.3m 
NPPM: d = 1.2d, = 1.2 x 2.41 = 2.89 m 





Step 5: Determine R. 












R= Pip — Pas 
FMM: d, = 2.95 m; R = 9 X 4.5 X 2.95? — 9 X 0.28 X ( 
FSM: d, = 2.75 m; R = 9 X 3.3 X 2.75? — 9 x 036 x (3 
NPPM: d, = 2.41 m; R = 9 X (4.6 — 0.28) X 2.4 





71.1 kN/m 


95) 
2 = 109.4 kN/m 











2.41) = 166.7 kN/m 






rotation, O, calculate the a 
wall and the average activi 
that below the point of rot 
the wall and activ 
depth between d, 









erefore, ia: of cune ttón Is satisfactory 


assive latera] pressure = K,,y(H, + 1.1d4,) = 3.3 x 18 
x (3 + 1.1 X 2.75) = 357.9 kPa 
e activé lateral pressure — Kary X 1.ld, = 0.36 X 18 X 1.1 X 2.75 
— 19.6 kPa 
Net lateral pressure — 357.9 — 19.6 — 338.3 kPa 
Net force = 338.3 X 0.2d, = 186.1 kN > R (= 109.4 kN); 


therefore, depth of penetration is satisfactory 










NPPM 
Average passive lateral pressure = K,,y(H, + 1.ld,) = 4.6 X 18 
X (3 + 1.1 Xx 2.41) = 467.9 kPa 

Average active lateral pressure = K,,y X Lld, = 0.28 x 18 x 1.1 x 2.4] 

= 13.4 kPa 
Net lateral pressure = 467.9 — 13.4 = 454.5 kPa 
Net force = 454.5 X 0.2d, = 219.1 kN > R (= 166.7 kN); 

therefore, depth of penetration is satisfactory 
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Step 6: Determine the maximum bending moment. 
Maximum bending moment for (FS), = Fy = 1. 
Let z be the location of the point of maximum bending moment 
(point of zero shear) such that z ^ H,. 


T z 
M, = Kayt x 3 = $ Key = Hye 









3 
z 
-:X028xl18x T7 -ixa. 


= (.84z! — 13.8(z — 3y 
To find z at which the bending moment is 
differentiate the above equation wi ! 
equal to zero. 


problem (positive sht 
the excavation level). 








Dete anchor force of the tied-back wall 


shown in 









quot and Kerisel (1948) passive pressures (see 
Ot and Kerisel (1948) or Coulomb active pres- 
sides of the wall is the same, so seepage will 


, [ie rod at 0.5 m 
centers 





y 18 kN/m? 
$1, 2 30* 


d= $e 


Yen = 20 kN/m? 
$47 30* 

d= £6 

F, = 1.2 


FIGURE E10.6a 
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Solution 10.6 
Step 1: Determine K,, and K,,. 















= — = — = 25°: = — 


Pasian F, $ 1.2 Dacsign 





From Appendix C, 


E = 0.42 (Design ES 23.4 B/ design = 
Kos = 3.4 (sbáesign = 257% B/déesion 


For unfactored strength values, 


Ke = 0.31 
K,, — 46 


_ 


Y; 





Moment 




















Horizontal force (kN kN sn) 
T | 
mE Rd| ,  —-Qd * 294d + 1008) 
x (B-* d)- 42d * 33.6 2 
| | 4 
= ot 5 
3H, — h= - 10474. 
2x B—1- 4.33 
~(30.3d? + 423.50). 
Ha -h+ d = (3t ] 
2 
d 
+ miii 
RA | 
H, — h + 3d = -(1.4d? 4 147d'] 
! 7 * íd 
2.10? + 64.7d + 275.5 
! | | 
: 3x Kyy'd' — H, - h+2d = 11.5d? 4 121.1 
1x34x102xd?- 173d? 7 ld 


Mew —(10. 1d + Tae + 452.9d + 1148, 


Step 3: Determine d. 
Equate the sum of moments to zero (simplify equation by dividing by 
the coefficient of d?). 


d*  7.3d* — 448d — 1137 = 0 


By trial and error or by using the polynomial function on a calculator, 
d — 5.38 m. 
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Surcharge 


FIGURE E10.6b 





Step 4: Determine d for the unfac values. 
To calculate the newad 
values, use proportit 


Active moment = 






is 
ad?) x = = 15.54? + 163.94" 






moment: (Mo), 


(2.1d? + 64.7d + 275.5) x E — 381.9 kN 


@rces = 17.3d? X 3 — 265.8 kN 


T, = 381.9 — 265.8 = 116.1 kN 
(T)dosign = (FS)T, = 2 X 116.1 = 232.2 kN a 
EXAMPLE 10.7 


Determine the embedment depth and the design anchor force required for sta- 
bility of the sheet pile wall shown in Fig. E10.7a using the NPPM. 


Strategy |n the NPPM, you must use the unfactored strength values to cal- 
culate K,, and K,, and then determine the net active and net passive lateral 
pressures. To calculate d, you have to do iterations. A simple approach to solve 
for d is to set up the forces and moments in terms of the unknown d and then 
assume values of d until you find a d value that gives the required factor of safety 
((FS), = 1.5). A spreadsheet program or a programmable calculator is very help- 
ful in solving this type of problem. In Excel, for example, you can use the Goal 
Seek function to find d. It is quite easy to make errors in calculations, so you 
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Ysa = 18 kKN/m? 


$47 30? 
ô= 20's 
(FS), - 1.5 












FIGURE E10.7a 


Solution 10.7 
Step 1: Determin 


= 0, 8 = $/,) 
0,8 = 36%) 


lateral earth pressure 


i i a 
page force/unit volume: j, = ul Yw 





a + 2d 
= ( 3 Jos kN/m? 
5 + 2d 
Act v' = Yea — Yo + fp = 18 — 9.8 + j, = 8.2 + j, KN/m? 
Passive zone: y’ = Yn — Yw — j, = 18 — 9.8 — j, = 82 — j, KN/m? 


Lateral earth pressure from soil Pore water pressure 


FIGURE E10.7b 





Depth (m) Active pressure (kPa) Passive pressure (kPa) 
0 0 0 
1 K,yh, - 0.28x 18x 1-5 5 0 
6 Kyyhu + Kaly + JG, a hl 0 
= 5.0 + 0.28 X (8.2 + j,) X 5 = 16.5 + 1.4), K,(8.2 
6 *- d 16.8 4 1.4j, = 4.6(82 
Water 2(ad) ^ 98.1d 





W^ 2d 


Step 3: Calculate the lateral forces 
All forces and moments ¢ 


active lateral force 


guessed and (FS), is ca 


the value of d 


Forces (kN) 





0.5 x (T5 4 1.4j) X 5 


= 28.8 + 3.8), 
4 (16.5 + 1.4j,) x d 
= (16.5 * 1.4j) d 
Water; 
adia * dy, 49di5 + d) 
a + 2d 52d 


R, = 56.3 + 3.8), 


49d(5 + d) 
+ (16.5 + 1.4j,)d+ 5.4 2g 


0.5 X (35.4 — 4.88j,) d? 
= (17.7 — 2.4j,) d? 





5 + 2d 























Moment arm (m) 


hy, 
h-h,+—= 
3 
0.5 + 0.33 = 0.83 
5 —(h~ hy) = 2.5 ~ 0.5 = 2 


2a 10 
—_ — -h = —— — x 
3 (h ud 3 0.5 
- 2.83 
d 


d 
H,-h-252454. 


H,*td-h-2, 
5+2d_85+d 
3 








=45+d- 


SMa 


2d 2d 
FS), = —— 
E9} SMa 
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d=7m 


=Z 


— 109.2 


— 1126.2 


— 1119.3 


—2402.6 


5179.8 


2.16 


Moment (kN : m) 
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j.) d— K,{8.2 + j,) d 
bí js) d on 
= (35.4 %4.88),) d 


-28(8.2 + j,) d 


d=575m 


2.2 


—50.0 


— 113.4 


—876.0 


—-871.:9 


— 1909.2 


2912.8 


= — = 4.5 + — EM, = 
H, hv 5 37 


1.53 
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Step 4: Calculate the anchor forces for (FS), = 
For (FS), = 1, d = 4.62 m. Substituting d = 4.62 m, we get 
Active zone 


road 5 B ; 
j = ( PTT zs = 3.44 kN/m 









R, = 56.3 + (3.8 X 3.27) + (16.5 + 1.4 X 3.44)4.62 
= 320.1 kN 


Passive 
1.6 kN 

320.1 — 201.6 
= 118.5 kN 


Passive lateral force — (17.7 — 2.4 
T, = Active lateral force — P la 








Design anchor force — 2T, 


What's next . . .Sometimes, it is not poss 
an excavation. For example, an e 
preclude the use of anchors. You 
excavation using struts. The 
presented in the next section. 


BRACED.EX EN 
aio into the soil to form the sides of 


Mion: consist of sheet p 
as in thé Construction of bridge piers and abut- 
the area enclosed by the sheet piles, struts 







sheet piles within the 
alled cofferdam) is 










(al 






10.11 










Braced excz 
an excavatio 






ig. 10.26a) 










struts, which are usually different because of different lateral loads at different 
depths, the time between excavations, and the installation procedure. Failure of 
a single strut can be catastrophic because it can lead to the collapse of the whole 
system. The analysis for the forces and deflection in braced excavation should 
ideally consider the construction sequence, and numerical methods such as the 
finite element method are preferred. Semi-empirical methods are often used for 
shallow braced excavations and in the preliminary design of deep braced exca- 
vations. The finite element method is beyond the scope of this book. We will 
only discuss a semi-empirical method. 

Lateral stress distributions for use in the semi-empirical method are ap- 
proximations from field measurements of strut loads in different types of soil. 
The lateral stress distributions used for coarse-grained and fine-grained soils are 
shown in Figs. 10.26b-d. These lateral stress distributions are not real but average 
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Soft, normally 
consolidated soil 


(a) Braced excavation 









ained soils with € 24 






ecause we cann 
-grained soils, 





ber, Hs, (Peck, 1969). If the stability number is 
of the soil adjacent to the excavation can be assumed 


state of the soil adjacent to the bottom of the excavation is expected to be plastic 
and the recommended lateral stress distribution is depicted in Fig. 10.26d. 

If the soil below the base of the excavation is a soft, normally consolidated 
soil, it is possible that heaving can occur. The column of soil, abcd (Fig. 10.26a), 
above the base acts as a surcharge on the soil below the excavation level. This 
surcharge load may exceed the bearing capacity of the soft, normally consolidated 
soil, resulting in heaving. Bjerrum and Eide (1956) suggested that the excavation 
could be viewed as a footing of width B and embedment depth H,. They showed 
that the factor of safety against bottom heave is 


5, 


(FS)neave = N- "AES 


(10.61) 
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where N, 1s a bearing capacity coefficient given by Skempton (1951). The coet- 
ficient N. can be approximated, for practical purposes, by 


Ne = 6(1 + 02 4) for = =2.5 and N, = 9 for “2 > 25 
where H,,/B is the depth to width ratio. 

If (FS)peave < 1.5, the sheeting should be extended belo' 
excavation for stability. The value of the coefficient m (Fig. 
except when the soil below the excavation is a deep, sc 
soil, in which case m - Q.4(FS),.,,.. 
The strut loads at each level are found by a: ing hinged connections of 


(10.62) 











equilibrium. Displace- 
as adjacent structures 





Soft, normally consolidated soil 
s, = 24 kPa, y » 20 kN/m? 
H,-6m 





EE E EEG 


—]104.6 kPa|— 


(a) (b) 
FIGURE E10.8a,b 
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Solution 10.8 
Step 1: 












Check for stability against bottom heave. 


H, 6 H, 

— =-= |, = + [2 — | = + x tJ. = "f 

z-1-15 N «( 02 4) 6(1 + 2 X.0.15) = 7.6, 
q, = 0 


5 24 

H zl lji 7: — 
TH, tg 6 20 x 6 
therefore, excavation is safe a: 


(FS jiraw = N: 





1:52 






Determine the lateral pressure diagr 


u 4 5 * LS X 104.6 x 075 | 


=x 104.6 x 1.5 + 1.5 x 1046 — 2354 kN/m 
7.3 = 98.1 kN/m 


E 104.6 x 2 


2=C, 2 — 104.6 kN/m 


ie po 
104.6 kPa 104.6 kPa 
FIGURE E10.8c FIGURE E10.8d 
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——| 
104.6 kPa 
FIGURE E10.8e 







Level 3 (Fig. E10.8e) 





Step 5: Calculate 






Mechanical stabilized earth (MSE) walls (Fig. 10.27a) are used for a variety of 
retaining structures. Metal strips (Fig. 10.27b), geotextiles (Fig. 10.27c), or geo- 
grids (Fig. 10.27d) reinforce the soil mass. A geotextile is a planar, textile, poly- 
meric product. A geogrid is a polymeric product formed by joining intersecting 
ribs. MSE walls are generally more economical than gravity walls. The basic 
mechanics of MSE walls is described in the next section. 


10.12.1 Basic Concepts 


You should recall from Chapter 5 that if a load is applied to a soil mass under 
axisymmetric undrained conditions, the lateral strain (£4) is one-half the axial 
strain (£;) as expressed by Eq. (5.42). If the undrained restriction is lifted, then 





10.12 MECHANICAL STABILIZED EARTH WALLS 501 


4—  — Backfill 











Facing panels 
Geogrids 


(a) 


S 









b) Metal strip 


( 
| 
(d) Geogrid c) Gebtextile 


FIGURE 10.27 ge 


Ath 








d reinforced wall, (b):metal strip; (c) geotextile, and (d) 









e-half the vertical strains. If we were 
ons of the soil mass, then the friction 
soil would restrain lateral displace- 


point in MSE walls is that the reinforcement serves as an 
nfinement that allows the soil to mobilize more shearing 
resistance. 





Coulomb failure line 








Current state 


Stress state following an increase in 
effective lateral stress with the vertical 
effective stress remaining constant 


FIGURE 10.28 Effects of increasing the lateral soil resistance by reinforcement. 
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10.12.2 Stability of Mechanical Stabilized Earth Walls 


There are two sets of stability criteria to be satisfied for MSE walls. One is the 
internal stability; the other is the external stability. The external stability of a 
MSE wall is determined by analogy to a gravity retaining wall a vertical 
face, FG, as illustrated in Fig. 10.29. The internal stability depends on the tensile 
strength of the reinforcing material and the slip at the interface of the reinforcing 
material and the soil. Tensile failure of the reinforcing miate 
leads to progressive collapse of the wall, while slip at 
forcing material and the soil mass leads to redistributi >s and progres- 
sive deformation of the wall. 

Two methods of analysis are used to det 
method is based on an analogy with anchore ing walls and is gen- 



















such as geotextiles and geogrids. The R h pressure theory is used 
with the active slip plane inclined at 0,.— 4 izóntal, as shown 
in Fig. 10.29. The frictional resistance i , L,, outside 
the active slip or failure zone. / icti i veloped on 
both surfaces of the reinforcing materie 


f i d (m 
VPASawL(6: + 4.) tan $7 
where w is the wi he reinforcing material, a! iSthe ical effective stress, 


q, is the surchargé, and 4, is the friction angle 1¢,soilSreinforcement interface. 
Consider a layer of reinforcement at a depth z- The tensile force is 


cde Ds.) 


Y directions and 7 is the tensile 
iles or geogrids, you would normally 











(10.63) 












T = (10.64) 


of safety = 1). To find the design effective 
plied on the tensile force, 7, and by solving 


 - 
one ' Par 

1 

1 






Native soil 


FIGURE 10.29 MSE wall using Rankine's method. 
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| Kag(oi t q,)$,S,(FS), — Koo S, S, (FS), 


2w(ci q)tanéó; ^ 2wtanó; (10.65) 





where (FS), ranges from 1.3 to 1.5. 
The total length of reinforcement is 


Because Lg is zero at the base of the wall, ed length of rein- 


forcement at the base is often the shortest. This calc 
for internal stability, is often inadequate fo 















Pas = 3K cyHe cQ 


where K,c is the 
with wall friction. 





backri; and the wall 
's method is used 





à and s, 18 the adhesion stress. By 
retaining walls, we will use s,, — 0.55, (maximum 
ability against translation T = P. (FS); where 
inst translation; usual range 1.5-3.0. The re- 
'ainst translation for short-term loading in clays 


(10.66) 





For long-term loading, T = 2» W, tan $;, where W, is the weight of 
i=] 


soil layer i, n is the number of layers, and 4; is the effective interfacial 
friction angle between the reinforcement and the soil at the base. Assuming 
a uniform soil unit weight throughout the height of the wall, then 


T = yHoL, tan by 


The length of reinforcement at the base required to prevent translation 
under long-term loading 1s 


(Koc) (0.5H, t g, Y FS)T | 





Sa tan od; E tan a tan p; 


(10.67) 
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where (K,c), is the horizontal component of Coulomb's active lateral earth 
pressure coefficient. You should use the larger value of L, obtained from 
Eqs. (10.66) and (10.67). 










The procedure for analysis of a reinforced soil wall using ric mate- 


rials is as follows: 
1. Calculate the allowable tensile strength per unit orcing 
polymeric material. 









Tau = 


where 7,, is the allowable tensile 
strength, FS is a factor of safe 
meaning: 











acing using o; — y' H, and then check the 
and 2H,J3. For practical reasons, the ver- 
a constant value or varies by not more than 


of reinforcement required at the base for external 
. (10.66) and (10.67). 


tal length of reinforcement at different levels. 


L= L. + Lr 


TABLE 10.2 Typical 
Ranges of Factor 





of Safety 

Factor of safety Range 
(FS); 1.1 to 2.0 
(FS)cr 2.0 to 4.0 
(FS)ep 1.0 to 1.5 


(FS)ap 1.0 to 1.3 
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where 
t | 
Lez = (H, — 2) tan( 45° - $) (10.70) 


2 





1978) and is applicable to low extensible 
Strips. Failure is assumed to occur pr 

















g a path defined by the 
cing material. The failure 
surface is a logarithm spiral that is 
calculations (Fig. 10.30a). The lz 


(Fig. 10.30b). 
The variation of lateral s 


(10.71) 





(10.72) 
lengt 





(10.73) 


(10.74) 





ct E Bilinear approximation 
Z 


(a) Failure surface for the coherent (b) Variation of active lateral 
gravity method stress coefficient with depth 


FIGURE 10.30 Coherent gravity method. 
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The procedure for analyzing a MSE wall using low extensible materials is 
as follows: 


1. Select the spacing of the reinforcement in the Z and Y directions and the 
width of the reinforcement. Use a manufacturer's catalog t ide infor- 
mation on standard sizes. 









2. Calculate the required maximum thickness of the rei 
Kon(y Hi 7o: 4:955, FS. 
Wf, 


where Kar is the Rankine active earth pre 





r 


/m and the soil—geotextile interface fric- 
= 18.5 kN/m’, 


Solution 10.9 
Step 1: Calculate the allowable tensile strength of the geotextile. 
From Table 10.2, use (FS)ip = 1.5, (FS)cr = 2, (FS)cp = 1.3, and 
(FS)np = 1,3. 
Tan = cu = 11.5 N/mm - 11.5 kN/m 
Step 2: Calculate the vertical spacing. 


K,g 7 tan*(45 — 1/2) = tan?(45 — 30/2) = į 
Lateral stress due to surcharge: K,g, — ix 15 — 5 kPa 

T = Kat; + Kags = Fy + 5 = 5X18 XK 24+5=62 +5 
(Sma 6X Hy ts = 6% 44+5 = 29 kPa 
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From Eq. (10.69) with (FS), — 1.3, we get 


B Tan EN AN o 
(S.)min = Kalo. + q.\FS)., * GXFS), 29 x13 0.305 m = 305 mm 


Check spacing requirement at midheight (z = 2): 
















o, =6xX2+5=17kPa 
11.5 


£32 x15 0920 m 5 


You should try to minimize the number 
spacing to easily measurable values. Use 
half of the wall and 500 mm for 


Step 3: Determine the length of rein ed at the base for 
translation. From Eq. (10. 


Kac - 03 (és = 3 
P = $(Kac)xyH? | 
= 57.1 kN/m 


eep the 
0.mm for the bottom 


sô =0.3 X cos 20 = 0 
028 X 15 x 4 







L, (m) = 

Lr (m) = (H, — zi K,aS.AFS), 

tan(45* — $.,/2) 2 tan o; L (m) 
0.50 0.50 2.02 0.3 2.3 
1.00 0.50 1.73 0.3 2.0 
1.50 0.50 1.44 0.3 1.7 
2.00 0.50 1.15 0.3 1.5 
2.25 0.25 1.01 0.15 1.2 
2.50 0.25 0.87 0.15 1.0 
2.75 0.25 0.72 0.15 0.9 
3.00 0.25 0.58 0.15 0.7 
3.25 0.25 0.43 0.15 0.6 
3.50 0.25 0.29 0.15 0.4 
3.75 0.25 0.14 0.15 0.3 


4.00 0.25 0,00 0.15 0.2 
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Since L, is greater than the total length required for internal stability 
at each level, use L = L, = 3.5 m. The total length can be reduced 
toward the top of the wall but for construction purposes, it is best to 
use, in most cases, a single length of polymeric product. 


Step 5: Check external stability. 
Stability against translation is already satisfied in Step, 3. 
Check the bearing capacity. 


(0:)ei. = YH. = 18 X4 “mS 
TSA 
Use Skempton’s method [Eq. (7.1 
Jur = 5s, = 60 k 


>3; okay 













m high using metal ties. The backfill is a 
Im? and /, = 32°. Galvanized steel ties 








Strategy You have to guess the spacing of the ties. You can obtain standard 
widths and properties of ties from manufacturers’ catalogs. Follow the procedure 
for the coherent gravity method. 


Solution 10.10 
Step 1: Assume spacing and width of ties. 


Assume S, — 0.5 m, S, — 1 m, and w — 75 mm 
Step 2: Calculate required thickness of reinforcement. 


K, = 1 — sin 64, = 1 — sin 32° = 0.47 
Kp = tan?(45 — $442) = tan?(45 — 32/2) = 0.31 
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_ Kanly'He + 4,5,5(FS), 031(165 x 6 - 15) X05 X 1 x 3 


t wf, 0.075 x 2.5 x 10° 
— 283 x 107^? m = 2.8 mm 
(corrosion ^ Annual corrosion rate X design life — 0.025 x 50 — 1.25 
laesien = Calculated thickness + Corrosion thickness = 2.8 + 1 










You will select a tie thickness from standar 
mm. Use t = 5 mm. 


Determine the length of reinforcement r 
From Eq. (10.16): Kac = 0.28 
(Kac): = Kac cos 8 = 0.28 cos 





Step 3: 












































































From Eq. (10.67): L, = =42m 
For internal stability, the 
Squanon QU X 0.075 x tan 21* SUAE 
Determine th@total lengthpof reinforcement. 
Use a table as sho 93elów. (FS), — 1.3. 
K L, (m) Recommended 
S, | Eq. (10.71) Eq. (10.73) q. (10.6 L (m) L (m) 
in. si 
50 0.49 D 72 7.2 7.5 
0.47 1.63 7.0 7.5 
0.46 1.55 6.7 7.5 
0.4 5.0 1.47 6.5 6.5 
4.86 1.38 6.2 6.5 
0.4 .70 1.30 6.0 6.5 
40 4.55 1.22 5.8 6.5 
4.39 1.00 5.4 6.5 
0.38 4.23 0.75 5.0 5.0 
4.08 0.50 4.6 5.0 
0.35 3.92 0.25 4.2 5.0 


0.00 3.8 5.0 






Check for external stability. 
Translation is satisfied because L used at the base is greater than Ly. 
Check bearing capacity. 
(0.)ma. = YHo = 16.5 X 6 = 99 kPa 
Using Terzaghi’s method [Eq. (7.10) with D; = 0] 
For $4 - 28, N,- 167 
ESA: qu — 3ByN, — 3 X 84 X 18 X 167 — 1262.5 kPa 


(FS), = TAE -——— ^ 12.8 > 3; 


therefore, bearing capacity is satisfactory a 
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10.13 SUMMARY 





We have considered lateral earth pressures and their applications to several types 
of earth retaining structures in this chapter. Two earth pressure theories are in 










soil-wall friction. The failure planes in the Coulomb 
planar surfaces. Soil—wall friction causes the failure p 
higher active lateral earth pressure coefficients and low 
coefficients than those found using Coulomb’s i 

ctures and construc- 
pressures are different 


the appropriate value of friction ap 
structures is œi.. Three methods @ 















stresses are considered and how the 


PRACTICAL EXAMPLES 
@ | EXAMPLE 10.11 


Ore from a man 


ri 
retaining SS 






aximum vertical load of 24 kN 
. The base of the ore pile is only 


e walls will be restrained from spreading 
enters anchored to the base slab. A 2 m 


_— Compacted ore, $;, — 35° 
| 


FIGURE E10.11a 
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for the geometry shown in Fig. E10.11a and (b) the force in the tie rods, assuming 
they resist all the horizontal loads. If the tie rods were not present, would the 
walls be safe? Do you expect any alignment problems with the gantry crane? 





Strategy The maximum slope angle would be the fricti 
storage is symmetrical, each wall will carry identical loads. 
an assumption regarding wall friction. You can assume 
use Coulomb's method to determine the lateral forc 


gle. Since the 
u will have to make 
- i$. and 












Solution 10.11 
Step 1: Determine the lateral forces. 
The maximum admissible slop 














1.7 + 0.4 + 0.6/2 = 2.4 +252.2 


1.7 + : x 0.4 = 1.97 +69.0 

6/2 = 3.00 +324.0 

17414-(6$x33)-49 +411.1 

1.7 +14 3.3/2 2 4,35 +2147.6 

6 + 1350.6 

24 2.4 +57.6 
ertical forces = 1074.8 
Lateral forces 

4.5 0.75 + 6.8 + 0.5 = 8.05 —36.2 

714 9.87/3 = 3.29 —2349.1 


R, = = Lateral forces = 718.5 M = = Moments = 2226.8 


Determine stability. 


Rotation 


M 22268 - 
R. = 1074.8 074. 8 — 2.07 m 


* zz 
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-p -b-0.6m € 






24 kN 





Ore pile 
Ysa 7 22 KN/ 













8.05 m 
H,-6.8m 
H, - 0.75 m 
L7 m- eder M $< 
lm 3.3m 5.7m 
FIGURE E10.11b 


fs 
Il 


3.5 E 
-x-235 2.07 = 0.9 


=lm e< s therefor 









uld occur if tie rad ot present. 









Forces on tie rods 


FS) A= 15: T,+ T=15R, 
o 


e tie rods/unit length of wall. 






where T, i 


= 15 X 718.5 — 391.2 = 686.6 kN/m 


Beari p 
Because the resultant force is eccentric, use Meyerhof's method. 


B' = B — 2e = 6 — 2 X 0.93 = 4.14 m 
Equation (7.11): M, — e" '^?* tan?(45* 4- 35°/2) = 33.3 
Equation (7.19); N, = (33.3 — 1) tan (1.4 x 35°) = 37.2 
un = 0.5yB'N, 


quu = 0.5 X 18 X 4.14 x 37.2 = 1386.1 kPa 
ER, ( " x _ 1074.8 | NE E x MES RS 











mx Bx] B 6x1] 6 


(FS), = um —423 therefore, bearing capacity is satisfactory 
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Summary of Results 
1. The wall is unlikely to rotate. 


2. Without the tie rods, the wall will translate. 
3. The design tie rod force is =687 kN/m. 
4. The soil bearing capacity is adequate. 
5. Assuming that the base slab is rigid and the loading 
should be no alignment problem. 
EXAMPLE 10.12 


A desig wall i Is required near à man-made lake 1 







symmetrical, there 
E 















a housing scheme devel- 


pated that a rapid drawdown conditic 
long period. A flexible retaining wall i 


coefficients. 

pressure coefficients, 
( ia = 30°, ô = 155) 

(b = at"; ö = 5); 

(pi = 2T, ó- ioa) 


Step 2: Determine the seep orces and pore water pressures. 


4 — 9.8 2 9.6 kN/m* 


a 35 \ 34.3 
- e'| i, EES 
ara" (ss + =i) 9" 555 4 8 








Surcharge = 10 kPa 


1.0 m = = 
7: . Ancnor TOO ». FL 





Normal water  , 0.5 mg. 
level fluctuation 1.0 m Hera oM «s tT. gite 
E UM ib. 





e +; = 37°, P + uut 
= Ya = 18.8 KN? : 


FIGURE E10.12a 
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Active state 





: Ac 
Sand: vie = (9+ 2 )-S 


3.5 + 2d 3.5 + 2d 
34.3 _ 67.9 + 19 
3.5 + 2d 3.5 + 











Clay: Yia = (s6 + 


Passive state 










: 34.3 
Clay: Yjp = | 9.6 — 35 4 xj] - 


j;—-5h-6-—-Il-251m 


j WY. (see below) 


tions. See Fig. 


FIGURE E10.12b 


Step 4: Calculate the anchor force. 
T, — 317.1 — 208.7 = 108.4 kN/m 
Assume a factor of safety of 2. 


Design anchor force — T,(FS) * Anchor spacing — 108.4 X 2 X 3 — 650.4 kN 
B8 


Part 


Water 


Pressure (kPa) 


Poa = Kags 
z0,3x10-»3 
Pan = Kathe 
= 0.3 x 15.8 x 2.5 = 14.1 
Pa = Py — 14.1 


Pos = Nowy jn 


65.8 + 18 
soa aerie s 


i 69.1 + 18.3d 
35 -2d 


Pa T Pn + Pn t Da Du 


69.1 + 18.90 


=3+ 14.1 + 14.1 + - 
3 l s 35 * 2d 


178.3 * 81.3d 
3.5 + 2d 
88.6d 


Us" 364 2d 


astio D = Kostia d 
18.2d — i 67.9 + 19. 
= | 3.8] —————_|| - 0.34| ————— 
| ( 3.5 4 2d s zi 3.5 + =) 


66.4d - 257 


3.5 * 2d ) 






Force (kN/m Moment — Farce x Moment arm 





Moment arm from 0 


















H. = = 15 xs 3 
PyH,=3x6=1 Eg Ho lou (—133.6 
2 
1p hid x 14.1 x 2.5 = 17.6 21x25-120467 (-)11.0 
(149.7 
463 + 1276.8d 
3.5 + 2d 






129d + 53.10? 
pad ean 


26.50? + 330d + =) 
3.5 + 2d 


3.5 + 2d 






(120 + 34.30) d 


P= 
3.5 + 2d 


gd+ih,-hh=id+5= 


66.4d — oo) 
3.5 + 2d 


Hoad =: 


2 E - 28) p 
3.5 + 2d 


== =2114.8 


D=5.57m 


Moment 


IkM - m/m] 


-33.6 
-11.0 


-143.7 


-74.6 


-1173.1 


- 9/3. 


D= 4.38m 
Moment Force 
(kN - m/m] (kM/m] 

—33.5 16.8 
-11.0 165 
-149.7 45.1 
277.5 20.2 
-859.2 120.8 
-5124 96.7 
== -1653.4 Z2317.1 
416539 —— 2087 





SLS 
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EXERCISES 





Theory 


10.1 Show, using Mohr's circle, that the depth of a tension crack is z,, — 25,/*., a saturated 


clay. 

















10.3 Show that a tension crack will not appear in a saturated clay if a surface stress of q, = 2s, 


is present. 


Problem Solving 


10.3 Plot the variation of active and passive lateral pre 
shown in Fig. P10.3. 


ith depth tor the soil profile 





Yn = 17 kN/m? 
$ cs = 20° 


Ysa = 18 kN/m? 






FIGURE P10. 





taining wall 8 m high 
is subjected 
all is smoo 
the wall. 









S rts il of saturated unit weight 18 kN/m’*, /, = 30°. 
as rge of. 15 kPa. Calculate the active force on the wall 
(b) is rough (8 = 20°). Groundwater is below the 
qs - 
2 3 4 


1 


qs 4s 
qs 
Basement 
5 6 7 8 


FIGURE P10.6 
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10.5 A retaining wall 5 m high was designed to stabilize a slope of 15°. The back of the wall is 
inclined 10° to the vertical and may be assumed to be rough with 6 = 20°. The soil param- 
eters are i — 30° and y,,, = 17.5 kN/m'. After a flood, the groundwater level, which is 
usually below the base of the wall, rose to the surface. Calculate the lateral force on the 
wall. Neglect seepage effects. 












10.6 Figure P10.6 shows rigid walls of height H, with different geometries. Sketch the distri- 
bution of lateral earth pressures on each wall; indicate the location and direction of the 
resultant lateral force. Show on your diagram what other foi 
ample, the weight of the wall (W,,) and the weight of the : 
two cases of soil—wall friction: (a) 6 > 0 and (b) è = 0. 


10.7 Which of the two walls in Fig. P10.7 gives the larger ntal force? (Show your i 


calculations.) 





y = 18 kN/m? 
$1, = 30° 
6 = 15° 







cantilever wall shown in Fig. P10.9 and sketch a drainage 
ore water pressures behind the wall. 


Backfill 
y » 18.5 kN/m? 
Pog = 30* 
é = 20° 


Ye = 24 kN/m? p 


HK—— 4.5 m ——————4 
Base soil 
y 7 19 kN/m?, $2, = 28°, $, = 20°, s, = 94 kPa 


FIGURE P10.9 
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10.10 


10.11 
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The drainage system of a cantilever wall shown in Fig. P10.10 became blocked after a 
heavy rainstorm and the groundwater level, which was originally below the base, rose to 
1.5 m below the surface. Determine the stability of the wall before and after the rainfall. 
Neglect seepage effects. 


0.4 m 













5 kPa 





Coarse-grained soil. 


Yao 17.9 kN/m? 
$i, = 29° 


) with Fy = 1.25. 










+ Coar eg 
Impe,-29* 


uz O? 


ed soil 
kN/m? 


— G n 
Lm = " ; . 
-2 > Te. 
LA 
— a. sl. v 
= TH e. 2 * 
* 
, 
. 





, d, and maximum bending moment for the cantilever 
. P10.12 for long-term conditions. Use the FSM with F, = 1.25, 
= 1.5. Compare the results. 


FIGURE P10.12 
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10.13 An anchored sheet pile wall is shown in Fig. P10.13. Determine the embedment depth, 
the maximum bending moment, and the force on the anchor per unit length of wall. Use 
either FSM (F, = 1.25, F, = 2) or the NPPM with (FS), = 1.5. Assume the soil above 
the groundwater to be saturated. 


q, = 10 kPa 


t 













Anchor block 






wall for the 


10.14 Determine the depth of embedme e anchor force per unit len 
^ the ground- 


retaining wall shown in Fig e FMM. Assume the soil a 
water to be saturated. 










Ysa = 17.5 kN/m? 
$4 7 31* 





FIGURE P10.15 
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10.16 A braced excavation is required in a soft clay as shown in Fig. P10.16. Determine the load 
on the struts and the factor of safety against bottom heave. 





Backfill 


y=17 kN/m?, $4, 7 29" | mx 1 m facing panel 


compacted gravel 
y » 17 kN/m^, $ ;, 2 32* 


| Normally consalidated 
ciay 

| Ysa = 17.5 KN/m? 

| C, 20.4, C, = 0.05 
OCR = 1.5, w = 40% 


Stiff, heavily 
overconsolidated clay 


FIGURE P10.19 


10.20 
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20 kPa 







ME Coarse-grained soil 
Co 63» 27*, yu 7 17 kN/m? 







FIGURE P10.20 


A cantilever sheet pile wall is required em i port an embankment for an 
access road as shown in Fig. P10.20. Deter of penetration of the wall and 
the maximum bending moment. S , and NPPM, and 
compare the results. 
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11.0 INTRODUCTION 


o 
















Slopes in soils and rocks are ubiquitous in na ade structures. 
Highways, dams, levees, canals, and stockpi ted by sloping the 
lateral faces of the soil because slopes 
structing walls. Natural forces (wind, 

on Earth and other planets, often cre 


failures are widespread; others are 
Geotechnical engineé 

drainage, groundwater, anc 

However, we are i 


le slope relies heavily 
on experience an 
In thcha 


you should be : 


ods of analysis from which 


"a. 
ATI n 


"ES 


You would make use of the following: 


* Shear strength of soils (Chapter 5) 
* Effective stresses and seepage (Chapter 3) 
* Flow through dams (Chapter 9) 


Sample Practical Situation ^ reservoir is required to store water for do- 
mestic use. Several sites were investigated and the top choice is a site consisting 
of clay soils (clay is preferred because of its low permeability—it is practically 
impervious). The soils would be excavated, forming sloping sides. You are re- 
quired to determine the maximum safe slope for the reservoir. Slope failures 
occur frequently, one of which is shown in Fig. 11.1. Your job is to prevent such 
failure. 
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2 ——— 


| FIGURE 11.1. Slope failure : NJ (Courtesy of f fimdone y.) 


| 11.1 DEFINITIONS.OF KEY =F 








Slip or failuré zone is a thin zone of soil-tha ze critical state or residual 


state and resultsin movement of the soil mass. 










Slip p r failure surface is the surface of 
sliding. 
> slip plane and the ground surface. 


inclination of a slope to the horizontal. The 
red to as a ratio, for example, 2:1] 


4) is the ratio of pore water force on a slip surface to 
and any external loading. 


11.2 QUESTIONS TO GUIDE YOUR READING 





What types of slope failure are common in soils? 
What factors provoke slope failures? 


m qe 


. What is an infinite slope failure? 


> 


What methods of analysis are used to estimate the factor of safety of a 
slope? 


What are the assumptions of the various methods of analysis? 
How does seepage affect the stability of slopes? 


EI 


7. What is the effect of rapid drawdown on slope stability? 
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11.3 SOME TYPES OF SLOPE FAILURE 


CHAPTER 11 SLOPE STABILITY 





Slope failures depend on the soil type, soil stratification, groundwater, seepage, 
and the slope geometry. We will introduce a few types of slope failure that are 








A common type of failure in homogeneous fine-grai 
slide that has its point of rotation on an imaginary ax 
Three types of rotational failure often occur. One type, 
by an arc engulfing the whole slope. A soft soil layer 
soil is prone to base failure (Fig. 11.2b). The T 
the toe slide, whereby the failure surface pa 















toe of the slope (Fig. 
ide, whereby the failure 
surface passes through the slope (Fig. 11. 
A flow slide occurs when interna 

behave like a viscous fluid and fle 
several directions (Fig. 11.2e). 
Multiple failure surfaces usually oc 
Flow slides can occur in dryand wet 


Slip or failure A 


4 






Stiff soil 
5) Base slide 






(a) Movement of soil mass aldng a thin 


of weak soil 








Toe A 


(c) Toe slide (d) Slope slide 


(e) Flow slide (f) Block slide 
FIGURE 11.2. Some common types of slope failure. 





7, 





Ss 
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Block or wedge slides occur when a soil mass is shattered along joints, 
seams, fissures, and weak zones by forces emanating from adjacent soils. The 
shattered mass moves as blocks and wedges down the slope (Fig. 11.2f). 













ed above? The 
2 some common 


What's next. . .What causes the slope failures that we briefly descri 
causes are many and varied. In the next section, we will descri 
causes of slope failure. 


11.4. SOME CAUSES OF SLOPE FAILURE 











uman misjudgment and 


Slope failures are caused, in general, by n tur 
| ~ some of the main fac- 


activities, and burrowing animals. We 
tors that provoke slope failures. 


11.4.1 Erosion 


. Structures founded on these soils would collapse; structures 
ould rise. The quickness (a few seconds) in which the dy- 
re-induced prevents even coarse-grained soils from draining the 
excess pore water pressures. Thus, failure in a seismic event often occurs under 
undrained conditions. 






11.4.4 Geological Features 


Many failures commonly result from unidentified geological features. A thin 
seam of silt (a few millimeters thick) under a thick deposit of clay can easily be 
overlooked in drilling operations or one may be careless in assessing borehole 
logs only to find later that the presence of the silt caused a catastrophic failure. 
Sloping, stratified soils are prone to translational slide along a weak layer(s) (Fig. 
11.3e). You must pay particular attention to geological features in assessing slope 
stability. 
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n Ww UU 
| 


Ji" 


PAM, i 


ll 






nn 


f 
u 
















(a) Steepening of slope by erosion 


Rainfall 






Thin, weak soil layer 


(c) Rainfall fills crack and introduces 
seepage forces in the thin, weak 
soil layer 


rloading at crest of s 






Movement 





Excavation 





the slope 





q Critical state line for compression 








;onsolidation 





ESP if soil 
is linearly 
elastic A’ 





(h) Reservoir stresses 


During rapid drawdown the restraining 
water force is removed 





(1) Rapid drawdown (j) Groundwater seepage 


FIGURE 11.3 Some causes of slope failure. 
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11.4.5 External Loading 


Loads placed on the crest of a slope (the top of the slope) add to the gravitational 
load and may cause slope failure (Fig. 11.3f). A load placed at the toe, called a 
berm, will increase the stability of the slope. Berms are often used to remediate 
problem slopes. 





























11.4.6 Construction Activities 


Construction activities near the toe of an existing sl 
lateral resistance is removed (Fig. 11.3g). We can co 
ures due to construction activities into two cas 
and the second case is fill slope. 


11.4.6.1 Excavated Slopes Whe 
reduced and negative pore water press 
the negative pore water pressures 


soul. With time 
se in effective 


We can use our 
on the possible effects 
struction activity 1 
soil to construc 


= yz and the lateral effective 
ter pressure 1s u, = y,,z. The 


and qo = Ozo(1 — Ke) 


total stresses are represented by point A and 
sented by point A’. The excavation will cause 
ut very little change in o, (.e., Ao, = 0) and 
in mean total stress is then Ap = —Ag,/3 and the 
s Aq — Ao,. The total stress path (TSP) is depicted 


slope fails the undrained shear strength is exceeded. We will discuss 
slope failure under undrained condition later in this chapter. 

If the soil were a linear, elastic material, the ESP would be A'B" (recall that 
for elastic material Ap' — 0 under undrained condition). For an elastoplastic soil, 
the TSP will be nonlinear. Assuming our soil is elastoplastic, then A'B' would 
represent our ESP. The ESP moves away from the failure line and the excess 
pore water pressure is negative. Therefore, failure is unlikely to occur during the 
excavatión stage unless the undrained shear strength of the soil is exceeded. 

After the excavation, the excess pore water pressure would dissipate with 
time. Since no further change in q occurs, the ESP must move from B' to B, that 
is, toward the failure line. The implication is that slope instability would occur 
under drained condition (after the excavation). The illustration of the excavation 
process using stress paths further demonstrates the power of stress paths to pro- 
vide an understanding of construction events in geotechnical engineering. 
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11.4.6.2 Fill Slopes Fill slopes are common in embankment construction. 
Fill (soil) is placed at the site and compacted to specifications, usually greater 
than 95% Proctor maximum dry unit weight. The soil is invariably unsaturated 
and negative pore water pressures develop. The soil on which the,fill is placed, 
which we will call the foundation soil, may or may not be satur . If the foun- 
dation soil is saturated, then positive pore water pressures will be generated from 
the weight of the fill and the compaction process. The effecti 
and consequently the shear strength decreases. With timet | e water 
pressures dissipate, the effective stresses increase and 
of the soil. Thus, slope failures in fill slopes are likely 
diately after construction. 















11.4.7 Tips Drawdown 


have enop time to dissipate Fig | 

under undrained conditions. If the water le | eservoir ins at low 
levels and failure did not leru itions, seepage of ground- 
n provoke failure (Fig. 







Slope stability can be analyzed using one or more of the following: the limit 
equilibrium method, limit analysis, finite difference method, and finite element 
method. Limit equilibrium is often the method of choice but the finite element 
method is more flexible and general. You should recall (Chapters 7 and 10) that 
in the limit equilibrium method, a failure mechanism must be postulated and 
then the equilibrium equations are used to solve for the collapse load. Several 
failure mechanisms must be investigated and the minimum load required for 
collapse is taken as the collapse load. The limit equilibrium method gives an 
upper bound solution (answer higher than the “true” collapse load) because a 
more efficient mechanism of collapse is possible than those postulated. The limit 
analysis makes use of the stress—strain characteristics and a failure criterion for 
the soil. The solution from a limit analysis is a lower bound (answer lower than 
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the “true” collapse load). The finite element method requires the discretization 
of the soil domain, and makes use of the stress-strain characteristics of the soil 
and a failure criterion to identify soil regions that have reached the failure stress 
state. The finite element method does not require speculation on a possible fail- 
ure surface. We will concentrate on the limit equilibrium method'in this book 
because of its simplicity. We will develop the analyses using A generic friction 
angle, $’. Later, we will discuss the appropriate p’ to use. W use an effective 
stress analysis (ESA) and a total stress analysis (TSA). 













What's next ...In the next section, we will study how.to analy slope of infinite 
extent. We will make use of the limit equilibrium methoc natysis and consider 
long-term and short-term conditions. ! 


11.6 INFINITE SLOPES 










Infinite slopes have dimensions that 


E 



















] over m distances. Thé assumption 
a clean, ho- 
mogeneous coarse-gral 
method, we must 
that slip would 


soil between th 


. We will assume 
consider a slice of 


. We will assume that forces that provoke failure 
a seepage force J, = ry,.b,z, develops, where i 
the seepage force depends on the seepage 
force is positive because seepage is in the 
uniform slope of infinite extent, X, — X,,, and 


lve the problem. But before we do this, we will define the 
ope. The factor of safety (FS) of a slope is defined as the 





Assumed slip plane 
i 





!' cos a, 


FIGURE 11.4 Forces on a slice of soil in an infinite slope. 
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ratio of the available shear strength of the soil, tp, to the minimum shear strength 
required to maintain stability, 7,,, that is, 


FS =— (11.1) 











(Chapter 5): that is, 7; — c; tan ó' for an effective stress s, for 
a total stress analysis. The factor of safety is then 

ESA: (11.2) 

(11.3) 
where N’ is the normal effective forg the mobilized 
shear force 
Let us now use statics to s¢ > factor of safety. 

a slope without seepage and grot below the slip plane. 


groundwater is below the 
From statics, 


From the defini 


(11.4) 


(11.5) 


pe. The seepage force is 


J. = by,,bjZ; 


Since seepage is parallel to the slope, i = sin a,. From statics, 
Ni = Wj cos a, — y'b;2; cos a, (11.6) 
and 
T; = W; sin a, + J, = y'bjz; sin o,  y,bjz; sin a, — (y' t y,)b;z; sin o, 


— (Y::)52; sin a, 


From the definition of factor of safety [Eq. (11.2)], we get 


Nj tan’  y'b;z, cos a, tan >’ ' tan ó' 
FS sae gag er Eg ot a (11.7) 
T, Ysaib;2; Sin ot, Ysar tan a, 
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At limit equilibrium, FS — 1. Therefore, 


tan a, — —— tan $' 


“Yeas 


(11.8) 


For most soils, Y'/Ysu = 5. Thus, seepage parallel to the slope geduces the limiting 
slope of a clean, coarse-grained soil by about one-half. 

The shear stress on the slip plane for a TSA, | pplicable to the 
short-term slope stability in fine-grained soils, is 


T, Wisina, W, sin a, cos a, 


= 
l, l, b, 





T= yz, sin a, COS œ, 












(11.9) 
The factor of safety [Eq. (11.3)] is 
y (11.10) 
At limit equilibrium, FS = 1. Therefore, 
VT sist | (1a) 
- (11.12) 









alue of z occurs when a 


anas 


on cracks. Therefore, the maximum slope of fine- 
Joading, assuming an infinite slope failure mech- 
atér than 45° and depths greater than 2s,/^, the infinite 
$ not tenable. The infinite slope failure mechanism is 
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EXAMPLE 11.1 


Dry sand is to be dumped from a truck on the side of a roadway. The properties 
of the sand are dh’ = 30°, y = 17 kN/m?, and Ysa — 17.5 kN/m?. Determine the 
maximum slope angle of the sand in (a) the dry state, (b) the saturated state, 
without seepage and (c) the saturated state if groundwater is presént and seepage 
were to occur parallel to the slope. What is the safe slope in the dry stat 
factor of safety of 1.25? 


Strategy The solution to this problem is a straightf rd ication of Eqs. 
(11.5) and (11.8). 
Solution 11.1 
Step 1: Sketch a diagram. 
See Fig. E11.1. 


A Sand e 






























FIGURE E11.1 





Step 2: Determine the maximum slope unde 


Equatior 













Y ote that any s 
fail since it is at limit equilib 
safe slope 1s 


tan $' tan 30" 


FS 1.25 

slope for the saturated condition. 
significantly affected by whether the soil is dry 
s = 30°. 

maximum slope for seepage parallel to the slope. 


ance would cause this slope to 


- 248? 





isn 






Equation (11.8): tana, — E- tan ó' 


y! = Ysu — Yw = 17.5 — 9.8 = 7.7 kN/m? 


t =e =" —— = . 
an o, : tan 175 tan 30° = 0,25 





a, = 14° 
EXAMPLE 11.2 


A trench was cut in a clay slope (Fig. E11.2) to carry TV and telephone cables. 
When the trench reached a depth of 2 m, the top portion of the clay suddenly 
failed, engulfing the trench and injuring several workers. On investigating the 
failure, you observed a slip plane approximately parallel to the original slope. 
Determine the undrained shear strength of the clay. 
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FIGURE E11.2 









Strategy The failure observed can be analyzed as 
a fine-grained soil under undrained conditio | 


slope failure in 
consider a TSA. 








Solution 11.2 
Step 1: Determine s,,. 






gr 
show the nt of the soil within the sliding mass acting at the center of mass. 
If seepage is , then the seepage forces, J,, which may vary along the flow 
path, are present. The forces resisting outward movement of slope are the shear- 
ing forces mobilized by the soil along the slip surface. 

We must now use statics to determine whether the disturbing forces and 
moments created by W and J, exceed the resisting forces and moments due to 
the shearing forces mobilized by the soil. However, we have several problems in 
determining the forces and moments. Here is a list. 








* [tis cumbersome, if not difficult, to determine the location of the center of 
mass especially when we have layered soils and groundwater. 


* The problem is statically indeterminate. 


* We do not know how the mobilized shear strength, Tm, of the soil varies 
along the slip surface. 
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(a) Circular failure surface 


so 









FIGURE 11.5 Circular and noncircular failure surface the forces on a slice of 


soil. 





* We d 
surface. 


We do not know h e age forces vary within the soil mass and along 


ailure surf 
ven the weight iding mass is difficult to calculate because of soil lay- 
ering (différen weights of the soils) and complex geometry of some 
slopes. 


One a ach to solve our problem is to divide the sliding mass into an 
arbitrary numb lices and then sum the forces and moments of each slice. 
Of course, the larger the number of slices, the better the accuracy of our answer. 
Dividing the area inside the sliding mass into slices presents new problems. We 
now have to account for the internal forces or interfacial forces between the 
slices. 

Let us consider an arbitrary slice, ABCD (Fig. 11.5a), and draw a free-body 
diagram of the forces acting on the slices as illustrated in Fig. 11.5c. The forces 
have the following meaning: 


ot know how t e stress, o,, varies along the slip 


















* W, is the total weight of a slice including any external load. 
* E, is the interslice lateral effective force. 

* (J,); is the seepage force on the slice. 

e N; is the normal effective force along the slip surface. 
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* 


T; is the mobilized shear force along the slip surface. 


X, is the interslice shear force. 


U, is the force from the pore water pressure. 


a 


z, 1s the location of the interslice lateral effective force. 
* z,, is the location of the pore water force. 














* à, is the location of the normal effective force along 
* b, is the width of the slice. 
* [, is the length of slip surface along the slice. 


(J,), b;, lj, Ewe and 8, from the geome | 
and the location of the phreatic s 


nate. To solve our problem,“ 
unknown parameters. Several s 
assumptions made a 
dition (force, moment, 


.1 Slope Analyses M :thods Based on Limit Equilibrium 
















Equilibrium 
Failure equation 
surface satisfied Solution by 
interslice force is Circular Moment Calculator 
Yop's simplified E, and E, , are collinear Circular Moment Calculator 
method (Bishop, 1955) X— Aah = 0, J = 0 
Bishop's method (Bishop, and £., , are collinear; J, = 0 Circular Moment Calculator/ 
1955) computer 
Morgenstern and Price Relationship between E and X of Any shape All Computer 
(1965) the form X — AfUxIE, f(x1 is a 
function * 1, 4 is a scale factor, 
J, = 0 
Spencer (1967) Interslice forces are parallel; Any shape All Computer 
J, 9 0 
Bell's method (Bell, 1968] Assumed normal stress Any shape All Computer 
distribution along failure surface; 
J, = 0 
Janbu (1973) X, — X, replaced by a correction Noncircular Horizontal Calculator 
factor, f; J, « 0 forces 
Sarma (1976)" Assumed distribution of vertical Any shape All Computer 





inrerslice forces; J, = 0 


*Sarma‘s method includes seismic forces. 
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stand the principles employed and the assumptions made in their development. 
The methods of Bishop (1955) and Janbu (1973) were developed by assuming 
that soil is a cohesive-frictional material. We will modify the derivation of the 
governing equations of these methods by considering soil as a dilatant-frictional 
material. We will also develop separate governing equations effective 
stress analysis and a total stress analysis. However, we will retain the names of 
original developers. For long-term or drained condition, we h 
effective stress analysis. For short-term or undrained c 
soils, we have to conduct a total stress analysis. 














11.8.1 Bishop's Method 


Bishop (1955) assumed a circular slig in Fig. 11.58. Let us apply 
the equilibrium equations to the fc | 
that E; and E;.,, U; and U,,,; are Colli i arc length, 
that is, at //2, and (J;); — 0. 
Summing forces vert we gé 

cos Oy + i 






in 6, — W, (11.14) 






j 







The force due to/the pore water pressure ( rom the principle of 


effective stress, 


| L (11.15) 





Combining . (14.14) and (11.15), 









N; cos 0,5 Wi-- X, — Xj, — T; sin 6; — ud, cos 8; (11.16) 






jence, let e he force due to the pore water as a function of 





_ up; 
re = y (11.17) 


J 


where r,, is called the pore water pressure ratio. Substituting Eq. (11.17) into 


(11.16) yields 
Nj cos 6; = Wl — r,) — T; sin 8; + (X; — Xj+1) (11.18) 


Bishop (1955) considered only moment equilibrium such that, from Fig. 
11.4a, 


XWx,- XTR-0 (11.19) 


where x; is the horizontal distance from the center of the slice to the center of 
the arc of radius R, and T; is the mobilized shear force. Solving for 7; from Eq. 
(11.19) and noting that x; = R sin 6,, we get 


W;x, 
IT, -£—. 





= XW,sin 8, (11.20) 
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Recall from Eq. (11.1) that the factor of safety is defined as 













u T 
n (11.21) 
where T; is the soil shear force at failure. In developing the ning equation 
for FS, we will, firstly, consider effective stress and later total stress. For an ESA, 
N; tan(d'), 
gs = Ns tanto’), (11.22) 
T, 
By rearranging Eq. (11.22), we get 
(11.23) 
Substituting Eq. (11.23) into (11.18) 
Ni cos 6, AA 3 | (11.24) 
Solving for Nj, we get 
(11.25) 
(11.26) 
(11.27) 
Nit o, 
p LENO = sw, sin 0 (11.28) 
Combining Eqs. (11.27) and (11.28) yields 
X[W,1 — r,) + (X, — X,,)] tan(ó' 
-" [W,( ru) + (X, j+i)] tan(') yn, (11.29) 


ZW, sin 6, 


Equation (11.29) is Bishop's equation for an ESA. Bishop (1955) showed that 
neglecting (X, — X,,,) resulted in about 1% of error. Therefore, neglecting 
(X, — X)41), we get 


ps EDI — r.) tang’), 


XW, sin 6, uro 
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Equation (11.30) is Bishop’s simplified equation for an ESA. If groundwater is 
below the slip surface, r,, = 0 and 


MS ne 


XW, sin 8, eet 










Let us now consider a TSA. The mobilized shear force on/the slip surface 
is 


um 


"7 gs 





(11.32) 


where (s,,), is the undrained shear strength of the ip surface within 


the slice. Combining Eqs. (11.20) and (11.32) yiel 





(11.33) 


(11.34) 


- 11.6a). The forces acting 
sidered equilibrium of horizontal 





(a) Noncircular slip surface 


H 
ond 
PA 


b; 
ws 
el 
(b) Forces on a slice 
FIGURE 11.6 Failure surface proposed by Janbu and forces on a slice of soil. 


PTS 
T, 
Ny 
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forces, is 







Noting that (7j), — Tj 
(11.27) to yield, for ar 





(11.37) 


(11.38) 


Z(s,),b, 


FS = (11.39) 


- SIW, ^ (X, - X,,,)] tan 8, 
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11.9 APPLICATION OF THE METHOD ÓF SLICES 





pe stability 
esidual 


The shear strength parameter 
calculations. The soils at the slip su 
state. You should use dh’ = all slo E 


of paramount importa 
> aré at or near the critical o 









ressure is applied along the depth of the 
the factor of safety because the disturbing 
nal disturbing moment from the hydrostatic 
ere z, is the vertical distance from the top of the 





Consider only this zone 
when tension crack is 
present 


FIGURE 11.8 Effect of tension crack on the slip surface. 
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Complete drawdown 

















FIGURE 11.9 Drawdown in a reservoir. 


of safety Using Bishop’ s sim- 
LU Cu la bg -9; net 
j 
STe) 


tension crack to the center of rotation. The factor 
plified method becomes 





ESA: (11.41) 





(11.42) 


O i " to reach underlying 


and weaken these layers. The 
slip plane are not sensitive to the 





> subjected to rapid drawdown, 





teral force of the water in the reservoir is no 
ater pressure in the dam is high, the FS will be 
enario is rapid, ‘a il drawdown, If a pene draw- 





dition to ater pressures. 


11.10 PROCEDURE FOR THE METHOD 
OF SLICES 





The procedure to determine the factor of safety of slopes using the method of 
slices, with reference to Fig. 11.10, is as follows: 


1. Draw the slope to scale and note the positions and magnitudes of any ex- 
ternal loads. 


2. Draw a trial slip surface and identify its point of rotation. 
3. Draw the phreatic surface, if necessary (Chapter 9). 
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Load w/ unit area 


HH HRHRHEHE A> 
Ofr 











ERE 
LITT AS 


- f — pilis | 
eter Soil 1 


Trial slip surface 


Negative slope 


iE 11.10 Method of 


ed, calculate the depth of the tension crack and sketch 
the tension crack. You can start at the crest and 
slip surface where the depth matches the depth of 





5. Divide the soi! mass above the slip surface into a convenient number of 
slices. More than five slices are needed for most problems. 


6. For each slice: 

(a) Measure the width, b;. 

(b) Determine W,—the total weight of a slice including any external load. 
For example, for the two-layer soil profile shown in Fig. 11.10, the 
weight of slice Q) ( j 7 2) is W3 = ba(qs + Zal¥)s2 + ZolYsar)s2 + 
Z<(YsatJs1), Where s, and s; denote soil layers 1 and 2, q, is the surface 
load per unit area, and z,, z,, z, are the mean heights as shown in Fig. 
11.10. 

(c) Measure the angle 6; for each slice or you can calculate it if you 
measure the length, /, [, —^ cos '(b//Ij)]. The angle 6, can be negative. 
Angles left of the center of rotation are negative. For example, the 
value of 0 for slice (7) is negative but for slice (2), 0 is positive. 
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m, 









Alternatively, negative wa 
give negative values of j 


program to carry out tthe cti 
ga nonprogrammable calculator, a 
ave to mete a value of FS and then 









(^0. 01). If a tension crack is vrai set the 
Zéro but keep the term W sin 6, for the slices 
you are considering an ESA; for a TSA, sets, 
tension crack but keep the term W, sin 6,. 


able programs use different methods to optimize the search for the slip 
plane with the least factor of safety. 
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EXAMPLE 11.3 


Use Bishop's simplified method for the factors of safety of the slope shown in 
Fig. E11.3a. Assume the soil above the phreatic surface to be saturated. Consider 
three cases: Case 1— no tension crack; Case 2— tension crack; and.Case 3—the 
tension crack in Case 2 1s filled with water. 













Strategy | ‘ulations following the procedure 
in Section ‘Oya spre 
solution of t 









?x&el. Before dividing the sliding mass 
the tension crack and locate it on the crest of 


Step 3: Divide the sliding mass into slices. 
Find a height from the crest to the failure surface that equals z,, and 
sketch in the tension crack. Use this location of the tension crack as a 
side of a slice. In Fig. E11.3b, the sliding mass is divided into six 
slices. 


Step 4: Set up à spreadsheet. 
See Table E11.3. 

Step 5: Extract the required values. 
Follow the procedure in Section 11.10. The weight W — y,4bz. When 
the tension crack is considered, the shear resistance of slice (9) is 
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TABLE E11.3 Bi 


Homogeneous soil 
s,  30kPa 





iu C - m i B D MB 
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TABLE E11.3 (continued) 





Tension crack 


FS — 1 assumed 
































TSA 
b 2 W = ybz Ty 6 

Slice (m) (m) (kN) (m) E (deg) m, W sin 6 — s s,bícos 8 
1 4.9 1 88.2 1 0.54 —23 1.50 ~34.5 159.7 
2 2.5 3.6 162.0 3.6 0.54 —10 1.15 —28.1 76.2 
3 2 4.6 165.6 4.6 0.54 0 1.00 0.0 60.0 
4 2 5.6 201.6 5 0.49 9 0.92 60.7 
5 2 6.5 234.0 5.5 0.46 17 0.87 62.7 
6 2 6.9 248.4 5.3 0.42 29 0.84 68.6 
7 2 6.8 244.8 4.5 0.36 39.5 0.84 77.8 
8 2.5 5.3 238.5 2.9 0.30 49.5 0.8 115.5 
9 1.6 1.6 46.1 0.1 0.03 65 0.8 0.0 
R = 14.3 m 
TCM/R - 23.7 kN 
FS = 0.95 assumed 

TSA 

b z W = ybz 
Slice — (m) (m) (kN) | ER ane s,bícos 6 
1 4.9 1 159.7 
2 2.5 3.6 76.2 
3 2 4.6 60.0 
4 2 5.6 60.7 
5 2 ^ 62.7 
6 2 : 68.6 
? E 77.8 
8 115.5 
9 0.0 
681.2 
1.22 


Step 6: Compare the factors of safety. 





FS 
Condition ESA TSA 
Without tension crack 1.06 1.48 
With tension crack 1.00 1.27 


Tension crack filled with water 0.95 1.22 





The smallest factor of safety occurs using an ESA with the tension 
crack filled with water. The slope, of course, fails because FS < 1. a 
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EXAMPLE 11.4 


Determine the factor of safety of the slope shown in Fig. Ell.4a. Assume no 
tension crack. 


Strategy Follow the same strategy as described in Example 








. Solution 11.4 

Step 1: Redraw the figure to scale. 
See Fig. Ell.4b. 

Step 2: Divide the sliding mass into slices as shown 


FIGURE E11.4b 
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TABLE E11.4 Three Soil Layers 





Soil 1 Soil 2 Soil 3 









e 30 42 58 kPa 

o 33° 29° 25° 

Vw 9.8 kN/m? 
"fosa 18 17.5 17 kN/m? 
FS 1.01 assumed 


b 2, Z Z3 W=ybz Zw 
(m) (m) (m) (m) (kN) (m) Pj 


o 
S 


1 49 1 0 0 88.2 1 

2 25 23 13 0 160.4 3.6 
3 2 24 22 0 163.4 4.6 
4 2 2 36 0 198.0 5 

5 2 09 41 15 226.9 5.5 
6 2 08 41 2 240.3 5.3 
7 2 0 37 431 234.9 4.5 
8 25 0 15 38 227.1 2.9 
9 16 0 0 1.6 43.5 0.1 


Set up a spreadsheet. 


B 





° and s,, = 30 kPa for soil 1 are 
h ©, while 2, = 24° and s,, = 58 kPa are 
E 





using an ESA. roundwater level is below the assumed slip surface. 


Strategy Since a noncircular slip surface is assumed, you should use Janbu’s 
method. Groundwater is below the slip surface; that is, r, = 0. 


Solution 11.5 
Step 1: Redraw the figure to scale. 
See Fig. E11.5b. 


Step 2: Divide the sliding mass into a number of slices. 
In this case, four slices are sufficient. 


Step 3: Extract the required parameters. 


Step 4: Carry out the calculations. 
Use a spreadsheet as shown in Table E11.5. 


FIGURE E11.5a 


Slice (m) (m) (m) 


1 2 1 0.7 
2 3.5 2 2.5 
3 2 1 4.3 
< 2.9 0 2.5 









W = ybz 
(kN) 


59.8 
274.8 
182.2 
123.3 


h— 2m —4J4—— 3.5 m ——^—2 m 


0 
(deg) 


—45 

0 

45 
59.9 


Assumed failure surface 


-— 


7 kN/m? 
129 


ned slip plane 


m —————— 
` ns 


x 





m, me W tan ó'(cos 0) m, 

3.03 71.0 

1.00 152.3 

0.92 65.9 

0.95 38.9 
n| w 
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What's next . . Charts can be prepared to allow you to quickly estimate the stability 


of slopes with simple geometry in homogeneous soils. In the next section, we present 
some of the popular charts. 






11.11 STABILITY OF SLOPES 
WITH SIMPLE GEOMETRY 





11.11.1 Taylor's Method 


Let us reconsider the stability of a slope using a 


ressed by Eq. (11.34). 
We can rewrite Eq. (11.34) as 


Stability number, N, 


70 60 50 40 30 20 10 0 
Slope angle, a, (degrees) 





Rock 
FIGURE 11.12 Taylor's curves for determining the stability of simple slopes. 
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The procedure to use Taylor's chart to determine the safe slope in a ho- 
mogeneous deposit of soil using a TSA, with reference to Fig. 11.12, is as follows: 


1. Calculate ny = D,/H,, where D, is the depth from the toe to the top of the 
stiff layer and H, is the height of the slope. 


2. Calculate N, = FS(yH,/s,,). 
3. Read the value of a, at the intersection of n, an 











If you wish to check the factor of safety of a 
slope, the procedure is as follows: 


pe or a desired 


1. Calculate n, ^ DJH,. 
2. Read the value of N, at the i 
3. Calculate FS — N,s,/4 H,. 


Bishop and Morgenster of charts for homogeneous 







soil slopes with simple £ etry” usi i lifñed method. Equation 
S 


(11.30) was wri 









(11.44) 


3) that depend on the friction 


; (see Fig. 11.10). Use a weighted average value 
ass. A practical range of values of r, is 4 to 3. 


Slope Slope 
FIGURE 11.13 Values for m and n for the Bishop-Morgenstern method. 
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EXAMPLE 11.6 
Determine the factor of safety of the slope shown in Fig. E11.6. 


FIGURE E11.6 


Strategy Follow the procedures.i 


Solution 11.6 
Step 1: Calculate ny. 





Bishop and Morgenstern (1960) charts and equations. Fol- 
low the procedures in Section 11.11. Since you are given r,, you only need to do 
Steps 4 and 5. 





FIGURE E11.7 





EXERCISES 553 


Solution 11.7 

Step l: Determine m and n. 
From Fig. 11.13, m = 1.73 and n = 1.92 for a slope of 3:1 and $i — 
307 

Step 2: Calculate FS. 






FS52m-nr,—1.73 — 1.92 X 0.35 .06 







11.12 SUMMARY 





In this chapter, we examined the stability of simpl pes. Slope failures are 
often catastrophic and may incur extensive d on and deaths. Slopes usually 
fail from natural causes (erosion, seepage;'and éar! es) and by construction 
activities (excavation, change of land sdrface, etc.). The analyses we considered 
were based on limit equilibrium, whic ifyl ptions. Careful 
| judgment and experience are need The geology of 
a site is of particular m) 'e in determ lity. You Eus con- 
sider both an effective stress 
grained soils and an citedive st nalysis for slopes in coars 
The main sources of errors. in slope Stability analysis are the she strength pa- 
rameters, especially 5,, and. termination of thé pore water pressures. 



























EXERCISES 








11.1 quation for the undrained shear strength 


t tor the factor of safety of the slope in Fig. P11.2 using the mechanism 





FIGURE P11.2 
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1L3 Figure P11.3 shows the profile of a beach on a lake. It is proposed to drawdown the lake 
by 2 m. Determine the slope angle of the beach below the high water level after the 
drawdown. You may assume an infinite slope failure mechanism. 











y= 16.5 kN/m? 





FIGURE P11.3 


Problem Solving 


1L4 A cut for a highway is shown in Fig. ty of the slope 


p surface passes 





— — =| SKS SS TSS — — — LS — | 





slope shown in Fig. P11.5 using an ESA anda TSA. 
by O and the line representing the top of the stiff soil 


FIGURE P11.5 
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1L6 A compacted earth fill is constructed on a soft, saturated clay (Fig. P11.6). The fill 
was compacted to an average dry unit of 19 kN/m? and water content of 1596. Theshearing 
strength of the fill was determined by CU tests on samples compacted to representative 
field conditions. The shear strength parameters are s, — 35 kPa, 6, = 34^, and dis = 28°. 
The variation of undrained shear strength of the soft clay with depth as determined by 
simple shear tests is shown in Fig. P11.6 and the friction anglé at the critical state is 
bi. = 30*. The average water content of the soft clay 1s 55%. Compute the factor of safety 
using Bishop's simplified method. Assume that a tension cra 










(135, 115) 10 
$ d 





Rock 


FIGURE P11.7 
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1L8 Use Janbu's method to determine the factor of safety of the slope shown in Fig. P11.8. 





FIGURE P11.8 






11.9 Use Taylor's method to determine thé safety of the slope shown ifpFig. P11.9. 


slope in Fig. P11.10 for FS = 1.25. 


Rock 


FIGURE P11.10 


11.14. Determine the factor of safety of a 2:1 slope with r, = 0.25, 61, = 27° using the Bishop- 
Morgenstern method. 





11.12 





qM 
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Practical 


The soil at a site is shown in Fig. P11.12. A cut was made as shown and one possible slip 
plane is shown. Determine the factor of safety. 










Distance (m) 


20 40 60 80 100 120 140 160 














Possible failure surface 
- Original ground surfa 


— — — o — — 9 s s 


Depth (m) 








Layered clay 
Silt, sand, cla 


^os PS eg ST uet paramete Tiger) 


A clay —— 
Layered clay p 
Silt, sand, clay 









V. 


" 













TABLE A.1 Typical Values of 
Unit Weight for Soils 










Soil type . y,4(kN/m*) . yg4lkN/ 


Gravel 
Sand 
Silt 
Clay 





TABLE A.3 pes, Description, and Average Grain Size According 

to USCS 

Soil type Description Average grain size 

Gravel Rounded and/or angular bulky hard rock Coarse: 75mmto 19mm 
Fine: 19 mm to 4 mm 

Sand Rounded and/or angular bulky hard rock Coarse: 4mm to 1.7 mm 


Medium: 1.7 mm to 0.380 mm 
Fine: 0.380 mm to 0.075 mm 


Silt Particles smaller than 0.075 mm exhibit little or 0.075 mm to 0.002 mm 
no strength when dried 

Clay Particles smaller than 0.002 mm exhibit «0.002 mm 
significant strength when dried; water reduces 
strength 
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TABLE A.4 Description of Soil Strength Based on 












Liquidity Index 

Values of I, Description of soil strength 

l0 Semisolid state—high strength, brittle (sudden) 
fracture expected 

O< i <1 Plastic state—intermediate strength, soil deform 
like a plastic material 

i> Liquid state—low strength, soil deforms 


viscous fluid 


TABLE A.5 Atterberg Limits fo 
Typical Soils 
















Soil type Wy (9%) 











Sand 


Silt 
Clay 


y for Common Soil 








k. (cm/s] 
an gravel 21.0 
Clean sands, clear d gravel mixtures 1.0 to 107? 
| mprising sands, silts, and clays 107? to 107? 
«107 


TABLE A.7 Typical Values of 
Poisson's Ratio 





Soil type Description v' 

Clay Soft 0.35-0.4 
Medium 0.3-0.35 
Stiff 0.2-0.3 

Sand Loose 0.15-0.25 


Medium 0.25-0.3 
Dense 0.25-0.35 
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TABLE A.8 Typical Values of E and G 





Soil type Description E* (MPa) G (MPa) 
























Clay Soft 1-15 0.4-5 
Medium 15-30 5-11 
Stiff 30-100 11-38 
Sand Loose 10-20 4-8 
Medium 20-40 8-16 


Dense 40-80 16-32 


"These are secant values at peak deviatoric stress for 
dense and stiff soils, and when the maximum deviatoric 
stress is attained for loose, medium, and soft soils. 


TABLE A.9 Ranges of Friction Angle 
for Soils 


Soil type 


Gravel 
Mixture of gravel and sand w 
fine-grained soils 
Sand 

Silt or silty sand 
Clays 








“Higher values (32" to : 


TABLE A.11 Correlation of N, Nso, Y. D, and $' for 
Coarse-Grained Soils 





D 
N Neo Description IkN/m?) (96) o' (degrees) 
0-5 0-3 Very loose 11-13 0-15 26-28 
5-10 3-9 Loose 14-16 16-35 29-34 
10-30 9-25 Medium 17-19 36-65 35-40" 
30-50 25-45 Dense 20-21 66-85 38-45" 
>50 >45 Very dense >21 >86 45? 


“These values correspond to pp. 
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TABLE A.12 Correlation of 
Nso and s, for Saturated Fine- 
Grained Soils 













Neo Description s,, (kPa) 
0-2 Very soft <10 
3-5 Soft 10-25 

| 6-9 Medium 25—50 

10-15 otiff 50-100 

15-30 Very stiff 100-200 
>30 Extremely stiff >200 


TABLE A.13 Empirical Soil StrengthRelatio 









Soil type Ec ti on Reference 
Normally consolidated Skempton (1957) 
clays 






Overconsolidated clays Ladu.et al. (1977) 


Jamiolkowski et al. 
(1985) 


Mesri (1975) 






.04)OCR?* 





All clays 





Clean quartz san Bolton (1986) 












B1 VERTICAL STRESSES IN A FINITE SOIL. 
LAYER DUE TO A UNIFORM SURFACE LOAD ON 
A CIRCULAR AREA AND A RECTAI AR AREA 


B1.1 Circular Area (Mi m 5 


a) Under center 





(b) Under corner 


B1.2 Rectangular Area with Rough Rigid Base 
(Milovic and Tournier, 1971) 


9, 






L 














H, ya yz 0.3 
| 
L/B 
1 2 
Center 
H,/B z/B Ao,/q. 


0.000 1,000 1.000 
0.100 0.974 0.992 
0.200 0.943 0.977 
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B1.3 Rectangular Area with Smooth Rigid Base 
(Sovinc, 1961) 
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B2 VERTICAL STRESSES IN A TWO-LAYER SOIL 
UNDER THE CENTER OF.A UNIFORMLY LOADED 
CIRCULAR AREA (Fox, 1948) 





Rough interface 
a/H, z Aoc ,/q, 


0.0238 
0.0045 
0.0038 


0.0172 


0.0133 
0.0117 
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FIGURE C.1 Horizontal component of the active lateral pressure coefficient. 
(Plotted from data published by Kerisel and Absi, 1990.) 
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FIGURE C.2 Vertical component o 

from data published by Kerisel anc 


35 40 45 


al pressure coefficient. (Plotted 










10 









APPENDIX C LATERAL EARTH PRESSURE COEFFICIENTS (KERISEL AND ABSI, 1970) 569 


ILI 
|. 
4 

: 








[Ms FIC—IZI--ED 
Eu 1 Lu |o 
À 7T L 










2i 
EcL e 4 ; 
| resi 


$' (degrees) 


M 


FIGURE C.3 Horizontal component of the passive lateral pressure coefficient. 
(Plotted from data published by Kerisel and Absi, 1990.) 
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Answers to Even-Numbered Problem Solvin 


Questions in Chapter 2 to Chapter 6. 





Chapter 2 
2.6 (a) 28% (b) 0.76 — (c) 19:2. kN/m 
2.8 (a) 38% (b) 20.1 kN/m? 
2.10 D, = 39%,S =1 
2.12 SP 
2.14 (a) 40% (b) 0. 

a plastic material. 
2.16 A:h, = 0.835 
B: A, = m, pm, H - 1. 


2.18 k= cC, U = 
k= 
2.20 
2.22 . 177 kN/m? 86% 





—89 x 107^ 
(b) 23? 


074 






hapter 3 
| €; ^ 17. 
S8 (a) 
28 
S 3.10 


’ 


u z 
(kPa) (kPa) (kPa) 
0 0 









epth 


a. 






(c) 283 kPa 

















d) 9.4 kN/m? 





deforms like 


.082 cm/sec, 


(d) 626 kPa, 


Ox 
(kPa) 
47.9 
68.0 
94.8 


0 0 
4.5 85.5 0 85.5 
9.5 182 49 133.0 
3.12 19.6 kPa 
3.14 Position M u M 
(kPa) (kPa) (kPa) 
A 17.3 39.2 8.7 
B 28.1 53.9 14.1 
C 42.4 73.6 21:2 
3.16 57 kPa 
3i& Ts: 34 - 3 — psp P4 , — A, — 1333 kPa 
Ap 2 Ap 
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572 ANSWERS TO SELECTED PROBLEMS 


Chapter 4 
48  30mm,57 mm 
4.100 135 mm 
4.12 (b) 0.207,0.0017 . (c) 4.1 x 10 * m^/kN 
4.14 (a) 0.61 (b) 0.665, 0.638, 0.611, 0.596, 0.575, 0.61 
(c) 30.003 mm (d) 1.2 X 1074 m?/kN 
416 i= 0.09 yr., ppe = mm, t = 4.52 yr, ppe = 42 M 
t = 10 yr., Ppe = 54.5 mm 















Chapter 5 


5.4 Soil will not fail. FS = 1.55 
56 ọpa = 22 $, — 45.6* 
5.8 ©, = 0.02, €, = 0.004, b = 
5.10 (c) Test 1: $' — 25.3? 
(e) 144.7 kPa, 170.6 kPe 
S12 (b) 227,229 | 
5.14 (a) 22.6°, 23.1°, 


























Bozozuk, M. (1976). * 
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API (1984). API Recommended Practice for Plan- 
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A 
adhesive stress, 464 
A-line equation, 37, 38 
allowable bearing capacity, 322 
calculation of, 329-330 
equation for, 330 
and factor of safety, 329-330 
allowable soil bearing capacity, 
471 
alluvial soils, 9 
a-method 
based on total stress analysis, 
379—380 
use of, 379—380, 385 
alumina sheets, 10-11 
American Association of State 


Highway and Transportation 


Officials (AASHTO), 36-37 
anchored sheet pile walls 
analysis of, 485—486, 487 
methods used, 485 
angle of dilation, 209-210 
angle of pastification, 383 


jJ'stress, 225-226 
approximate method, 479—4 
Atterberg limits, 29-30, 559 
ial strain, 226 
axial symmetric condition, 91-92, 

274 
axial total stress, 226 
axisymmetric condition, 91-92 








B 
backfills, 466 
balloon test, 62-63 
base failure, 524 
base slide, 524 
bearing capacity 
see also allowable bearing 
capacity 
of layered soils, 339 
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of piles, 374 
of soils, 318 
bearing capacity equations 
accuracy of, 329 
differences among, 328-329 
in general use, 323 
and groundwater adj ents, 
330-331 
selection of, 329 
types of, 325-328 
behavior of sc 


ure to use, 551 
| slopes, 551 


ation, 496—498 
ign elements in, 496 


tages of, 496 

Iding codes, 330 

ulk unit weight, 7, 17 

buoyant unit weight, 17 

Burland-Burbndge equation for 
settlement, 351 

Burland-Burbridge method, 351 


C 
calcareous soil, 9 
calcium carbonate, 201 
caliche, 9, 201 
Cambridge Camkometer, 250-251 
cantilever retaining walls, 469, 471 
cantilever sheet pile walls 

analysis of, 484 

determining stability, 485 
capillary action, 104 


practice, 458-459 
ande’s method, 31-32, 


fra , 30 
inérals, 10-11 
coarse-grained soils 
comparison with fine-grained 
soils, 13 
determining bearing capacity, 
350 
determining settlement, 350 
particle size of, 22-23 
sampling of, 385 
volume changes in, 13 
coefficient of concavity, 25 
coefficient of consolidation, 
173-176 
coefficient of curvature, 25, 27 
coefficient of permeability 
for common soil types, 559 
in Darcy's law, 44—45 
determining, 8, 51—53, 55 
coherent gravity method 
procedure for, 505-506 
use as low extensible 
reinforcing materials, 
504-505 
cohesion, 200, 206, 210 
collapse load 
in dilating soils, 321 
versus failure load, 321 
from limit equilibrium, 323--325 
compaction 
of backfill soil, 459 
definition of, 64 
equipment for, 60 
importance of, 60 





quality control, 60-64 
stresses, 460 
compensated mat foundation, 326 
compliance matrix, 89 
compression 
axisymmetric, 274 
downward movement, 207 
compression index, 276 
and correlation with plastic 
index, 308 
definition of, 143, 263 
determination of, 178 
compression tests, 226-239 
concrete piles 
cast-in-place, 371 
precast, 371 
types of, 371 
cone data, 354 
cone penetration test, 353 
confined flow, 430 
confining pressure, 218, 329 
consolidated drained (CD) 
compression test 
duration, 231 
failure, 278 
purpose of, 229 
stages of, 229 
stresses, stress paths and str 
during, 229-231 
using the results, 231 
consolidated undrain 
compression test 
failure, 279 
and Mohr’s circle, 235 
purpose of, 234 
samples, 305 





CU) 


146 


one-dimensional, 162- 
rate of, 147 
settlement during, 145-146 
consolidation of soil, 185 
consolidation ratio, 164-165 
consolidation settlement 
basic concept of, 144-147 
estimation of, 400—401 
parts of, 188-189 
under a pile group, 400-401 
consolidation settlement, one- 
dimensional 
estimation of, 348 
of fine-grained soils, 141 
consolidation settlement 
parameters, 183 
consolidation soil, 151 








consolidation theory, one- 
dimensional, 161—168 


. constant-head test, 51, 52 


constant interface friction value, 
501 
constitutive relationships, 214 
construction activities, 527 
Coulomb, Charles (1736-1806), 1 
Coulomb's earth pressure theory, 
456—460 
Coulomb's equations, 207 
for shear strength of soils, 211 
as slip is initiated, 212 
Coulomb's failure criterion, 1 
Coulomb's failure envelope 
Coulomb's failure wedge 
456-457 
Coulomb's friction 


and interpre 
ils, 252 








's limit equilibrium 
ch, 457—458 
‘s method of aña 
settlements, 


critical shear stre 
critical state 
definition of, 200 










effective stress path and, 272 
critical state model (CSM) 
basic concepts of, 264-273 
elements of, 273-277 
as an estimation tool, 262 
failure stresses from, 277 
and failure stress state, 309 
intention of, 310 
to interpret soil behavior, 262 
key feature of, 309 
predicted responses from, 272 
strains from, 290-295 
use of, 262 
critical state parameters, 273-276 
the essential, 276 
and test correlations, 307-309 
critical state shear stress, 203, 204 
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crystalline materials, 10 
curved slip surface, 458 


D 
Darcy's law, 42, 44, 45, 431 
, 368-369 
solidation, 164 
turation, 16 





















displacement gaupe 
to measure settlement, 321 


drainage path 
definition of, 143 
length of, 146-147 
drained compression test, 296-297 
drained condition, 130, 217 
drained shear strength, 217-219 
drained triaxial test, 277 
drum type roller, 60 
dry unit weight, 8, 17, 58-60 
dry unit weight-water content, 
58-59 
Dupuit’s assumption, 437 
“Dutch” cone penetrometer, 
249-250 
dynamic liquefaction, 525 


E 
early time response, 174 
earth dams, flow through, 
436-439 
earth pressure, lateral, 109, 188 
earth pressure coefficient, active, 
447, 450, 452 
earth pressure coefficient, lateral, 
460—462 
earth pressure coefficient, passive, 
447, 450, 452 
earthquakes, 525 
earth retaining structures 
methods of analysis, 446 
stability of, 446 
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eccentric loads, 336—337 
effective friction angle, 200 
effective stress 
for calculations of lateral earth 
forces, 480 
definition of, 81 
due to geostatic stress fields, 
102-103 
horizontal principle, 109 
principle of, 100-103 
vertical principle, 109 
effective stress analysis (ESA) 
for bearing capacity, 325 
for drained conditions, 218 
for sheet pile walls, 479 
for slopes, 553 
effective stress changes, 147 
effective stress path, 130-131 
effects of, 272-273 
and excess pore water 
pressures, 234 
intersecting the critical state 
line, 269 
and soil behavior, 267 
elastic analysis, 79 
elastic equations for soils, 88, 
344-345 
elastic horizontal displacement 
and rotation, 356-357 
elastic materials 
definition of, 81 
and stress-strain respons 
84-86 
elastic modulus, 86 


liptical yield surface, 2 
embedded foundation, 343 
bedment depth, 325 
definition of, 319 
for stability, 479 
embedment effect, 343 
Empire State Building, 2 
empirical soil strength 
relationships, 252, 561 

end bearing, 374 
end bearing capacity, 383 
end bearing pile, 369, 397 
end bearing resistance, 375, 382 
end bearing stress, 369 
engineering design 

economy of, 2 

stability of, 2 
engineering soils, 13 









engineering use chart, 39, 40-41 
ENR equation, 406—407 
equilibrium equations, 529-530 
equipotential line, 416 
erosion, 525 
excavated slopes, 527 
excess pore water pressure 
definition of, 143 
dissipation of, 217-218 
volume changes in, 217 
excess pore water pressure, 
negative, 466 
expansion, 207 
expansive soils, 9 
external loading, 527 
external stability, 502 
extrema, 324 


as the critical state 
265-266 





ilure of slopes, 522 
failure plane 
and Coulomb's law, 207 
definition of, 523 
failure shear stress, 215 
failure stresses, 305—306 
failure surface, 322-323 
circular and noncircular, 534 
concept in CSM, 265 
definition of, 523 
failure versus collapse, 207 
failure zone, 523 
fall cone apparatus, 32 
fall cone method 
determining liquid limits, 32-33 
determining plastic limits, 
32-33 
falling-head test, 52-53 
field compaction, 60 




































field tests, 247-252 

fill slopes, 527, 528 

filter fabrics, 185 

fine-grained soils 

comparison with coarse-grained 


definition of, 416 

to equipotential line, 418, 419 

Row net 
calculations for, 440 
definition of, 416 
examples of, 420-421 
interpretation of, 422—424 
for isotropic soils, 420—421 
procedure for constructing, 

420 
Bow net sketching, 417, 419—422, 
479 

flow path, 418 

flow rate, 52, 422 

flow slide, 524 

fluvial soils, 9 

footings 
definition of, 319 
shallow types of, 320 

forces and moments 
problems determining, 533-534 
provoking failures, 415, 446 

foundations 

circular and uniformly loaded, 
114 

definition of, 319 

designing, 4 

intolerable displacement and 
rotation, 356-357 

rectangular and uniformly 
loaded, 115-116 





stability conditions, 318 

stable and economic, 1 

as a structure, 318 
foundation settlement, 341 
foundation soil, 528 
foundation stress, 330 
free earth conditions, 485 
free earth method, 485 
frictional failure line, 213 
frictional forces, 459 
friction angle 

at critical state, 212 

as a fundamental soil 

parameter, 212 

at peak shear stress, 212 

range of, 211 

selection of, 328-329 

for soil mass, 466 
friction pile, 370 
full hydrostatic pressure, 482 
full skin friction, 376 


G 

general shear failure, 323 

geogrids, 500, 501 

geological features, 525 

geomechanics, 2 

geotechnical engineer 
assessing slope stability, 5 
concerns of, 165 
considerations when designin 

218 

descriptions of, 6 
design of geotechnica 





4, 6, 79, 340-341 
ngineering, 2 


and stress states in soil, 
geotechnics, 2 
geotextiles, 500, 501 
glacial soils, 9 
glacial till, 9 
governing consolidation equation 
finite difference solution of, 
166-168 
procedure of applying the finite 
difference form, 167—168 
using the finite difference 
method, 166 
using the Fourier series, 
163-166 
gravity retaining wall 
definition of, 447 









procedures to analyze, 472 
type of, 469 
groundwater 
definition of, 8 
effects of, 330-331 
and gravitational flow, 42 
lowering of, 56 
groundwater seepage, 472 
groundwater situations, 330—331 


H 
hammer types, 407 

hand augers, 68 

head, 8, 42-43 

head loss, 43, 50, 418, 422 
heaving, 423 

hollow cylinder test, 
Hooke's law, 88-9 


tion, 356—357 
horizontal velocity of f 










e boundaries, 430—431 
impossible stress states, 214 
infinite slopes 
tability calculations of, 529 
use of limit equilibrium 

method, 529 
initial yield shear stress, 270 
initial yield surface 

and effective stress path, 

268-269 

expanding, 269 

intersecting, 268 

for soils, 273 
instability causes, 415 
instantaneous load, 145 
interface friction angle, 466, 470 
interface friction value, 466, 501 
internal stability, 502 
isotropic, 81 
isotropically consolidated soil, 

304-305 


J 
Janbu's 
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isotropic compression, 129 

isotropic consolidation, 130, 305 

isotropic consolidation line, 267 

isotropic consolidation phase, 
229 




























techniques for, 
-418 
for two-dimensional confined 
flow, 429 
for two-dimensional flow, 
417-418 
lateral earth pressure 
and applications, 510 
assumptions of, 448 
basic concepts of, 448 
coefficient, 109 
passive, 322-323 
at rest, 109 
on retaining walls, 465 
for total stress analysis, 
462—465 
lateral earth pressure, passive 
to estimate, 466 
lowered by Caquot and Kerisel 
values, 465 
lateral earth pressure coefficients, 
460—462, 566-570 
lateral stresses, 460 
lateritic soils, 9 
law of continuity, 44 
layered soils 
defining soil properties for, 
339 
determining soil properties for, 
339 
leaning tower of Pisa, 142 
length of reinforcement, 503 
limit analysis, 528 
limit equilibrium, 456 
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limit equilibrium method, 528 
for collapse load, 324—325 
essential steps, 456 
for infinite slopes, 529 
purpose of, 318 
solution from, 457 
steps for, 323-324 
using, 462 

line load, 112 

liquidity index, 30, 34, 309 

liquid limit 
definition of, 8, 34 
determination of, 31 
versus plasticity index, 37 

liquid state line, 31, 33 

load, instantaneous, 145 

load capacity 
allowable, 378 
interpretation of, 377 
of piles, 374 

load cell, 249 

loading history, 150-151 

loading methods, 377 

loading rate, 217 

load-settlement behavior, 355 

load transfer, 376 

loam, 10 

local shear failure, 323 

loess, 10 

log time method 
determining consolidatio 

coefficient, 173 
plotting readings of, 175 
procedure for, 175-176 
versus roo 

lower bournc 


to shear forces, 86-87 
mat foundations, 325, 326 
imum active lateral earth 
force, 462—463 
maximum tolerable settlement, 
342 
mean stress, 81 
mechanical stabilized earth, 447 
mechanical stabilized earth 
(MSE) walls 
basic concept of, 500—501 
essential point in, 501 
stability criteria for, 502 
stability of, 502-506 
types of, 500-501 
use of, 500—506 
using Rankine's method, 502 
Menard pressure meter, 250 


metal strips, 500, 501 
method of slices, 536-538, 542 
application of, 540-541 
determining the factor of 
safety, 543 
procedure for, 541—543 
methods of analyses 
applying factor of safety, 
482-483 
to determine stability, 482-483 
types of, 482-483 
Meyerhof's bearing capacity 
equations, 327-328 
Meyerhof's bearing capacity 
factors, 327-328 
minerals 
composition of, 10 
crystalline materials, 10 
silicates, 10 
mobilization fa 
mobilized shea 
modes of failure, 4 
of volume 


~ ty, 14 






passive pressure method 
(NPPM), 483 
wark's chart, 118 
nondilating soils, 253 
normal consolidation line, 149 
normal effective stress, 204 
normally consolidated soil, 143 
normal strain, 82 

normal stress, 82 

nuclear density meter, 63 
numerical methods, 479 





O 

oedometer test, 172 

oedometer test apparatus, 172 

one-dimensional consolidation 
equation, 162-163, 165, 348 

one-dimensional consolidation 
scttlement, 141, 144—147 


one-dimensional consolidation 
test, 172-179, 173 
one-dimensional flow, 42-44 
overconsolidated soil, 143 
overconsolidation, 






































dilaton angle, 221 
ective friction angle, 211 
peak shear force, 221 
k shear stress, 221 
for dilating soils, 270 
dilation angle at, 211 
for Type IJ soils, 204 
for Type I soils, 204 
peak shear stress envelope, 206 
phase relationships, 14-18 
phreatic surface, 436, 54] 
presence of, 533 
procedure to draw, 439 
piezocone, 249, 250 
pile cap, 392 
pile-driving formula, 406—407 
pile-driving operation, 373 
pile-driving records, 408 
pile foundations 
definition of, 369 
indications for use, 368 
types of, 368-369 
pile groups 
connection of, 392 
load bearing distribution, 393 
load capacity for, 393 
use of, 392-393 
pile installation 
equipment used in, 371, 373 
implication of, 376 
methods for, 371 
pile load capacity 
analyses of, 374 
determining allowable, 378 





factors of, 377 
reduced effect, 404 
pile load test, 377 
piles 
comparison of types, 372 
definition of, 368 
load capacity of, 374 
subjected to negative skin 
friction, 404—405 
types of, 370-371 
pile settlement 
components of, 397 
increased effect, 404 
pile shaft, 375 
piping, 423 
plane strain condition, 90-92 
plastic behavior, 29 
plasticity index, 29-30, 37 
plastic limit 
definition of, 8, 32-33 
determination of, 26, 33 
plastic strains, 290-291 
plate load test 
problems associated with, 356 
settlement from, 355 
point bearing pile, 369 
point load, 111 
Poisson's ratio, 84, 559 
pore water, 14 
pore water pressure, 
103 
approximate distrib 
480 
unges axisymmetric co 


101-102, 


triangular distribution, 165, 

variation of initial excess, 167 

pore water pressure ratio, 536 

pore water pressure transducer, 
102 

porosity, 7, 16 

power augers, 68 

Prandtl's theory, 322, 325 


preconsolidation effective stress, 


176-178 
preconsolidation pressure, 
176-178 


preconsolidation stress, 143, 151, 


176-177 
pressure head, 42—43 
pressure meters, 250—251 





primary consolidation 
under a constant load, 145-146 
definition of, 142 
effects of vertical stress on, 
148-149 
slopes for, 149-150 
primary consolidation parameters, 
149-150 
primary consolidation settlement, 
148 
calculation of, 152-155 
method for calculating, 347-348 
of normal and 
overconsolidation, 153— 
procedure to calculate 
proposed equation, 
of soil, 149-150 
primary consolidatio 








ranges of friction angles, 560 
Rankine's active earth pressure 
theory, 502 
Rankine's method, 460—461 
Rankine's principle of stress 
states, 460—462 
Rankine states, 457 
active and passive, 450—451 
family of slip planes in, 452 
and lateral forces, 451 
passive zones, 323 
rapid drawdown, 541 
rate of consolidation, 147 
Raymond cylindrical prestressed 
pile, 371 
recompression index, 263, 276 
relative density, 18 
residual friction angle, 540 
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residual soils, 9 
resonance column test, 289 
resultant pore water pressure, 480 
retaining walls, types of, 467-469 
Reynolds’ phenomenon of 


























s log time method, 176 


resistance, 450 
lip planes, 449 
ing wall instability, 


safe bearing capacity, 319 
safety factor, 319 
sampling tube, 67, 69 
sand cone test, 61-62 
sand drains 
analysis of, 186 
construction of, 184-185 
diameter of, 185 
half-closed drain, 184 
procedure for spacing, 186 
purpose of, 184 
and radius of influence, 185 
spacing of, 185 
triangular grid, 184 
two-way drainage, 184-185 
and use of filter fabrics, 185 
saturated unit weight, 17 
saturation, degree of, 7, 16 
Schmertmann's method, 178, 353 
Sears Tower, 2 
secondary compression, 146 
secondary compression index, 
171, 179 
secondary compression 
settlement, 171 
secondary consolidation 
settlement, 171 
seepage 
effects of, 104-106 
and retaining wall instability, 
472 
in soils, 105 
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seepage force, 480—481 
seepage forces, 104—105, 467, 529, 
530 
seepage-related failures, 472 
seepage stress, 416 
scepage stresses, 105-106 
semi-empirical methods, 496 
sensitivity, 309 
serviceability limit state, 320, 341 
settlement 
amount of, 13 
rate of, 13, 148 
of shallow foundations, 
340-341, 342-349 
settlement calculations, 342-349 
settlement changes, 148 
settlement of piles, 397 
settlement of single and group 
piles, 401 
shaft friction, 369 
shaft friction stress, 369 
shallow footings, 343 
shallow foundation, 319 
shallow foundations, 318, 319 
shallow foundation settlement, 
342-345, 347-349 
shape factors, 326 
shear band(s), 202, 203, 205 
shear box apparatus, 219-220 
shear box test, 219-220 
shear failure, 200, 323 
shearing forces, 201—206 
shearing phase, 229, 234, 238 
shear modulus, 289 





indrained, 280 
ear strength devices, types 
241—247 
r strength of soils 
based on dilation capacity, 
210—211 
importance of, 199 
interpretation of, 210-213 
simple model using Coulomb's 
law, 206-210 
shear strength parameters, 540 
calculating for weakest layer, 
339 
empirical relationships for, 
252 
types of tests to determine, 
219-241 
shear stress, 83 
shear vane device, 247 
shear wave velocity, 289 





sheepsfoot roller, 60 
sheet piles, 496 
sheet pile walls 
analysis of, 479-482 
definition of, 447 
mixed analysis of, 481-482 
in mixed sous, 481-482 
types of, 479-481 
in uniform soils, 479-480 
Shelby tube, 67, 69 
shrinkage limit, 8, 29, 33 
side shear, 369 
side-wall contact effect, 343 
sieve, 22-23 
sieve analysis, 22-23, 26 
silicate minerals, 10-11 
silicate sheets, 10-11 
silica tetrahedrons, 10 


simple shear test, 
simple soil tests 















nd Coulomb's law, 207 
definition of, 523 
formation of, 322-323 
inclination of, 457, 458 
observation of, 328 
uniform distribution of stresses 
on, 463 
slip surface, 523 
slope analyses, 535 
slope angle, 523 
slope failure, 553 
causes of, 525-528 
from natural causes, 553 
types of, 524-525 
slopes, 522, 530 
slope stability, 522 
determining, 553 
effects of excavation, 527 


methods of analyses, 528-529 
using simple geometry, 550-551 
slope stability analysis, 553 
slope stability calculations, 540 
smear zone, 186 
sou(s) 
calcuating 





















143, 185 
aterial, 13 





-strain characteristics, 199 
types of, 9-10 
typical response to shearing 
forces, 201 -206 
as a viscous fluid, 423 
soil bearing capacity failure, 471 
soil behavior 
at the critical state, 288 
interpreting and anticipating, 
262, 267-269 
soil deformation, 135 
soil description, 558 
soil fabric 
structural arrangement of, 209 
types of, 12-13 
soil failure, 393 
soil filter, 26 
soil formation, 8-9 
soil grains, 209 
soil groups, 40 
soil investigation, 5, 6, 65-69 
and exploration methods, 
66—68 
and identification, 67 
phases of, 66 
purposes of, 65 
soil layers, 155 
soil parameters, 329, 358-561 
soil phases, 15 
soil properties, 339 
soil-reinforcement interface, 502 
soil responses, 262 
soils, heavily overconsolidated, 
270 












soil sampler, 69 
soil sampling, 67, 69 
soil states, 29 
soil stiffness, 287-289 
effect of shear strains, 288 
regions of, 288 
using wave propagation 
techniques, 289 
soil strength based on liquidity 
index, 559 
soil strengths, 307—309 
soils under drained conditions, 
267-269 
soils under undrained conditions, 
269 
soil tests, 5 
soil types, description and grain 
size, 558 
soil-wall interface friction, 484 
soil water, 14 
soil yielding, 266-267 
specific gravity, 16 
specific volume, 15, 16 
stability, 446 
stability of slopes, 550-551 


standard penetration number, 248 


standard penetration test 
corrections applied to, 248 
purpose of, 249 
steps in performing, 248 
standard penetration ) 
and correction facto 
determining bearing capacity 


Pp settlement 





static liquefaction state, 423 
atics, 379-385 
*ady state flow, 418 
steel piles, 371 
stiffness matrix, 89 
Stokes' law, 24 
strain, 81, 82-84, 89 
strain invariants, 123 
strains, shear and volumetric 
in evaluation of deformation of 
souls, 212 
in evaluation of shear strength, 
212 
required to achieve passive 
state, 465 
strain states, 98 
stream function, 418 
stress, 81, 82-84, 89, 100-103 
stress distributions, 496—497 
stresses in soil, 110-111, 113-114 
stress history, 305-306 






stress invariants, 122, 123 
stress path 
basic concept of, 127-133 
definition of, 81 
plotting of, 128-132 
procedure for plotting, 133 
stress states 
definition of, 81 
Mohr's circle for, 96-97 
Rankine's use of, 460-461, 462 
of soil elements, 450—451 
stress-strain relationships, 214, 
291 
stress-strain response, 84-87 
stress wave, 407 
strip load, 112-114 
structural loads, 368 
strut loads, 498 


tensile failure, 502 
tensile force, 50 







i, Karl (1883-1963), 2 

er i's bearing capacity 

equations, 325-326 

test pits, 68 

texture, 9 

theory of elasticity, 343 

thick soil layers, 155 

timber piles, 371 

time rate of settlement, 168 

toe slide, 524 

top flow line, 436 

total head, 43 

total stress, 81, 101 

total stress analyses (TSA), 218, 
325, 464, 466, 553 

total stress path, 130, 234 

Transcona Grain Elevator, 4-5, 
329 

transition curve, 437 

translation, 470, 471 

translational slide, 524 

trench effect, 343 
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triaxial apparatus 
to determine shear strength 
parameters, 225 
to determine stress-strain 
behavior, 225 


















IF soils, 203 
I soils, 203 

















load capacity 
ition of, 369 


of piles, 374 
ultimate net bearing capacity, 319, 
326 
uncemented soils, 201 
unconfined compression (UC) test 
and Mohr's circle, 227 
purpose of, 226-228 
using the results, 227 
unconsolidated undrained (UU) 
test 
advantages of, 239 
purpose of, 238 
stages of, 238-239 
undrained compression test, 
297-298 
undrained sbear strength, 217-219 
definition of, 200, 218 
effects on volume changes, 217 
and initial void ratio, 281 
and relationship with liquidity 
index, 309 
undrained triaxial test, 279 
Unified Sou Classification System 
(USCS) 
categories of, 25 
flowchart for coarse-grained 
soil, 37 
flowchart for fine-grained soil, 
38 
uniformity coefficient, 25-26, 27 
uniform settlement, 341 
unit weight, 17 
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unit weight, typical values, 558 

unloading/reloading index, 143, 
263 

unloading/reloading line (URL), 
268 

unloading/reloading of soil, 
152-153 

unstable slopes, 522 

uplift forces, 424 

upper bound solution, 457 


V 
velocity of flow, 418 
velocity potential, 418 
vertical component 
of the active lateral pressure 
coefficient, 568 
of the passive lateral pressure 
coefficient, 570 
vertical consolidation, 186 
vertical drainage, 186 
vertical effective stress, 147 
vertical effective stresses, 307 
vertical elastic settlement, 
114-115 
vertical stress 


below arbitrarily shaped loads, 


117 


effects of, on primary 
consolidation, 148-149 
Newark's chart for increase in, 
117 
vertical stresses in a finite soil 
layer 
on a circular area, 562 
on a rectangular area, 563, 564 
vertical stresses in a two-layer 
soil, 565 
vertical total stress, 147 
vertical wave propagation 
velocity, 407 
Vesic's equation, 384 
void ratio, 45 
change in, 269 
under a constant loa 
definition of, 7, 15 
equation for, 


Ww 
wall adhesion, 466 

wall displacements, 496 
wall friction, 458, 460, 466 
wall pressures, 45 
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9 reinstall all the required DLL. Follow the instructions presented by 


the installation program. 
= 


some media pieces (video, animations, etc.) require that you close them 
before moving to another section, page or chapter. Cultivate a habit to 
close all media pieces before proceeding to other parts of the CD. 








Double click the file SMF.exe on the CD-ROM drive to manually start 
the program, 





Double clicking the application A 
SoilMechanics, does not navigate tc ma 





Presentation window is not centered on screen Try changing the setting on your display to a higher resolution or lower 
or part of it off-screen. resolution. 

A white bar appears on the main menu when a Try changing the setting on your display to a higher resolution or lower 
chapter is highlighted. resolution. Change also the Color palette to True Color (24 bit). 

When I quit or exit the CD, a white page The program was not exited correctly. Press Ctrl-Alt-Del keys simulta- 
appears on the Desktop. neously. Make sure that SoilMechanics is highlighted in the window 


that appears and then click on End task. 


Minimum System requirements 

Windows-compatible PC running Windows 95, 98 or NT 4.0 

Pentium 90, 16MB RAM, LOMB free hard disk space, VGA Graphics, 4X CD-ROM drive, sound card and speakers. 
Technical Support 

Wiley Customer Technical Support 

Voice: 212-850-6753 

Email: techhelp@wiley,com 

Web: hitp://www.wiley.com/techsupport/ 
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